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Out-of-autoclave vacuum-bagged-only (VBO) processing is capable of producing lower 
cost composite primary structures for small satellites than autoclave processing.  However, the 
outgassing performance of VBO structures in a vacuum environment has not been examined.  
Panels were manufactured from CYCOM 5320-1 and TC275-1 carbon fiber/epoxy prepreg using 
VBO processing.  The humidity level, pre-cure dwell time, and cure cycle parameters were 
varied during manufacturing.  The degree of cure and glass transition temperature were shown to 
increase with increasing oven temperature.  Processing humidity levels and the length of pre-cure 
dwell times had no discernable effect on the total mass loss (TML) and collected volatile 
condensable material (CVCM) that were outgassed under vacuum.  Instead the TML was 
controlled by moisture saturation after manufacturing.  Fourier transform infrared spectroscopy 
showed that epoxy oligomers were the primary CVCM.  The study showed the VBO laminates 





CHAPTER 1: INTRODUCTION AND BACKGROUND 
A composite material is the combination of two or more materials of different properties to 
from a new material with unique properties.  The original materials remain distinct within the 
composite.  Typically a composite consists of resin and fibers.  The fibers provide stiffness and 
strength by carrying the majority of the load, especially in tension.  The resin provides stability 
and transfers load to the fibers.  The resin also plays an important role in the compression and 
shear strength of the composite.  Composites can also be used to form sandwich panels that are 
composed of a thick, light core material that is sandwiched between facesheets of fiber and resin.  
The facesheets provide stiffness and strength under bending loads, while the core provides out-
of-plane shear strength and increases the bending rigidity of the panel by separating the 
facesheets. 
Composite materials are ideally suited for space applications due to their high stiffness and 
strength to weight ratios.  This property is critical with launch costs to low Earth orbit between 
$5,000 to $20,000 per kilogram [1], and has led to an increasing use of composite materials in 
space applications.  Common applications include the frame and panels of satellite bus 
structures, optical benches, payload adapters, solar panel backing plates, antenna support booms, 
and pressurized tanks. 
Another advantage of using composite materials for space applications is their thermal 
properties.  For example, carbon fiber composites have high values of thermal conductivity that 
make them ideal for use in thermal heat sink applications to help passively cool key systems.  
They also have low coefficient of thermal expansion values.  In fact, carbon fiber laminates can 
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be designed to obtain a near zero coefficient of thermal expansion along the fiber direction.  This 
makes them ideal for use in optical bench applications which support payloads that are sensitive 
to any potential movement. 
The use of composite materials for space applications presents additional challenges and 
considerations.  One such drawback is the fact that the cost of raw materials is often more 
expensive than alternative material options.  Additionally, there are many space environmental 
effects that must be considered including outgassing, atomic oxygen erosion, UV degradation, 
and micrometeoroid impacts.  There are also manufacturing challenges that must be addressed.  
The inclusion and subsequent detection of laminate defects, temperature and pressure control 
during the curing process, and damage during machining operations are all critical factors that 
result in designers adopting a cautious approach when using composite materials.  This results in 
higher safety factors that subsequently increase the mass of the spacecraft. 
In particular, outgassing is an important phenomenon that needs to be considered when 
designing composite spacecraft components that will operate in low Earth orbit or beyond.  
Outgassing occurs due to the release of moisture and volatile gases in the vacuum of space.  
Outgassing can result in dimensional instability of the spacecraft structure.  Additionally, the 
outgassed products can degrade the performance of optical and other critical sensors. 
In general, composite materials have been utilized for large structures, such as the interstage 
for rockets, or for niche structures, such as antenna booms or optical benches.  Although 
composites have seen increasing use in spacecraft bus structures, there has been little adoption of 
the materials for small satellites.  Yet, the small satellite business is increasing dramatically.  
According to a report by SpaceWorks, the nano/microsatellite market displayed an average 
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growth of 37.2% per year from 2009 to 2013, and is predicted to grow at a rate of 23.8% per 
year, with a total of 2000 to 2750 nano/microsatellites requiring launch from 2014 to 2020 [2]. 
Traditionally, composite space structures have been manufactured using autoclaves that 
apply high temperature and pressure to plies of fiber that have been pre-impregnated with resin 
(prepregs).  The disadvantages of this manufacturing method are the expensive operational and 
tooling costs, including the need for expensive core materials that can withstand the high 
external pressures.  The adoption of out-of-autoclave (OOA) manufacturing methods for space 
structures has the potential to reduce manufacturing costs and allow for the more widespread 
adoption of composite materials for small satellite applications.  In particular, vacuum-bag-only 
(VBO) consolidation is a promising method.  In this method the plies of prepreg are cured under 
vacuum in an oven, without applying external pressure from an autoclave.  However, there are 
variables in the manufacturing process that must be understood before the use of out-of-
autoclave VBO manufacturing is fully adopted, including the effect of these variables on the 
outgassing performance of the components. 
The purpose of this research project is to investigate the optimal manufacturing conditions 
for producing low-cost VBO oven-cured composite structures for small satellites.  Specifically, 
the study will demonstrate that out-of-autoclave VBO processing is capable of producing low-
cost composite primary structures for small satellites that have outgassing performance 
equivalent to autoclave-cured components. 
For this project, two carbon fiber reinforced epoxy material systems were selected and used 
to manufacture eight-ply quasi-isotropic panels.  The 41cm x 41cm panels were manufactured 
under varying humidity, vacuum dwell time, and cure cycle settings.  The materials were 
conditioned at relative humidity levels of 50%, 65%, or 80%.  The vacuum dwell time prior to 
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curing was set to 30 minutes, 4 hours, or 24 hours.  Three different cure cycles were used that 
varied the temperature and hold time levels.  Finally, one panel for each material system was 
cured using an autoclave. 
After the manufacturing process was completed, modulated differential scanning 
calorimetry was performed to measure the degree of cure and the glass transition temperature of 
each panel.  Next, specimens from each panel were examined using an optical microscope to 
measure the void content.  Subsequently, ASTM E595 outgassing testing was performed on 
specimens from each panel.  This test measured the mass of material outgassed under an elevated 
temperature in a vacuum environment.  Finally, Fourier transform infrared spectroscopy was 
used to identify the condensed outgassed materials. 
The following chapters describe the work completed during this research project.  Chapter 2 
summarizes the relevant literature regarding the use of composites in space structures and 
manufacturing components using VBO processing.  Chapter 3 details the test plan that was 
developed to prove the validity of the thesis statement.  Chapter 4 describes the equipment and 
methodology used to build the panels and perform the testing.  Chapter 5 presents the results of 
the testing and includes a discussion on the evaluation of the curing performance, void content, 
and outgassing of the panels.  Chapter 6 summarizes the results, provides conclusions to the 
research effort, and discusses potential future work.
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CHAPTER 2: LITERATURE REVIEW
The purpose of this literature review is to describe the current state of composite technology 
for space applications and identify the gaps in out-of-autoclave vacuum-bag-only manufacturing 
research, specifically as it relates to small spacecraft applications.  In order to accomplish this 
purpose, the review starts by identifying the fibers, resins, and cores currently being used for 
space applications.  The current use of composite materials for satellite structures is then 
examined, followed by a detailed investigation of their use in small satellite applications.  The 
outgassing process, and why it must be addressed in order to adopt VBO composite materials for 
space applications, is then discussed.  Next, the manufacturing challenges related to VBO 
composite materials are presented.  Lastly, the conclusion of the review identifies the key gaps in 
research that need to be addressed for wider adoption of VBO composite materials for small 
spacecraft structures. 
 
2.1 Current Spacecraft Composite Materials 
Thermoset resins are used in the majority of space applications rather than thermoplastic 
resins.  Common thermoset resins used for space applications include epoxy, cyanate ester, and 
phenolic.  Epoxy resins have been used since the inception of the space program to produce 
composite parts.  Cyanate ester resins have become increasingly popular due to their low 
outgassing, superior resistance to moisture absorption, and improved microcracking resistance 
[3].  However, epoxy resins continue to be extensively used as a cost-effective alternative [4].  
Phenolics are often used for ablative products due to their superior performance at high 
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temperatures [5].  Typical properties for these types of resins are available on supplier websites 
[4, 5]. 
Fiberglass was used for satellite structures as early as 1960, but is not commonly used now 
due to alternative, superior performing fibers.  The most common type of fiber used for space 
applications is carbon fiber, specifically high-modulus carbon fiber, because many of the 
applications are stiffness critical [3].  Carbon fiber composites can also be designed to have a 
near-zero coefficient of thermal expansion along the fiber direction.  For high thermal 
conductivity applications, such as radiators, graphite fibers can be used due to their high 
conductivity [3].  Another potential fiber is quartz that is used for its high heat resistance and for 
its low dielectric loss [6].  Aramid fibers are another option that are used for applications that 
require radio frequency transparency, such as antennae reflector arrays [3], and for their high 
impact resistance. 
The most common types of core used for space applications are aluminum and aramid 
honeycomb [3].  Aluminum cores tend to have high strength and stiffness, low dielectric 
transmission, and high thermal conductivity.  In contrast, aramid has lower stiffness, high 
dielectric transmission, and low thermal conductivity [7]. 
 
2.2 Use of Composite Materials in Satellites 
NASA's Small Spacecraft Technology Program defines a "small spacecraft" when its dry 
mass is below 180kg [8].  The subsequent examination of the use of composite materials for 




2.2.1 Large Satellites 
A number of large satellites have used composite materials within their bus structures.  
Some have used composites combined with metallics, while others were fully composite 
structures. 
One of the earliest uses of composites as a material for bus structures was the European 
Space Agency (ESA) EURECA (European Retrievable Carrier) mission, launched by the shuttle 
in 1992.  The bus structure was rectangular and measured 4.6m by 2.6m.  The spacecraft 
structure was composed of carbon fiber struts that were connected using titanium nodal joints.  
The external surface of the spacecraft was almost entirely covered in thermal multi-layer 
insulation blankets.  The total launch mass of the spacecraft was 4490kg that included a payload 
capacity up to 1000kg [9]. 
Another mission that utilized composites in the bus structure was the STEX (Space 
Technology Experiment) mission launched in 1998.  STEX was a low-cost and low-mass 
technology demonstration mission sponsored by the US National Reconnaissance Office.  The 
spacecraft had a rectangular shape that used composite shells.  One of the goals of the mission 
was to demonstrate the use of a multifunctional structure that integrated electronics, structural, 
and thermal control functions into a single structure.  This was accomplished by embedding 
passive electronic components within the actual composite structure.  The launch mass of the 
STEX spacecraft was 693kg [10]. 
The IndoStar 1 was launched in 1997 and was designed for geosynchronous orbit.  The 
dimensions of the bus were 1.75m by 1.7m by 1.8m with a bus dry mass of 558kg [11].  The bus 
was made of a number of structures including flat panels, a monocoque, and tubes.  The flat 
panels used graphite/epoxy T50/ERL1962 facesheets and a 6.4mm thick aluminum honeycomb 
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core.  The upper part of the bus was a six-sided structure with triangular lightning holes.  The 
lower half of the bus was a cylindrical shell.  The assembly was capped on opposing ends using 
two aluminum transponder panels with internal heat pipes.  The panels housed all of the heat 
generating electronics [3].   The StarBus was then used as a standard bus for commercial 
telecommunications and direct broadcast missions [11].  It was further developed into the 
GEOStar-2 Bus that is designed for 1000 to 5500 watt telecommunication type applications [12]. 
The SMEX/WIRE (Small Explorer/Wide-Field Infrared Explorer) satellite was launched in 
1998 with a total mass of 260kg.  The spacecraft was the first fully bonded, composite spacecraft 
in NASA/Goddard's history.  The program was based on using the Short Notice Accelerated 
Production SATellite (SNAPSAT) method.  SNAPSAT utilizes parts that are machined from 
flatstock.  The parts include self-locating mortise and tenon (tab and slot) features that are 
bonded together.  The bus had an octagonal shape that was 0.86m across and 0.79m in height.  
The primary structure consisted of eight fully bonded double walled semi-monocoque composite 
panels with internal stiffening ribs.  The spacecraft included three decks that were also 
constructed as semi-monocoque laminates.  The equipment panels were made from K-1100 
carbon fiber due to its high thermal conductivity values.  This laminate had 70% better in-plane 
conductivity than an equivalently thick aluminum skin.  The shear panels were made from M-55J 
carbon fiber for structural performance.  In both cases 954-3 cyanate ester resin was used.  
Titanium fittings were bonded into the composite ribs to act as hard points to attach other 
components to the bus structure.  The primary structure had a mass less than 26kg which was a 
50% reduction from the initial aluminum baseline mass [13]. 
Carbon fibers have been used on a number of other recent, large satellite structures.  This 
includes the Oceansat-2 that had a cylindrical aluminum-honeycomb sandwich structure with 
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carbon fiber reinforced plastic (CFRP) skins resulting in a launch mass of 970kg  [14].  Another 
example is the GOCE (Gravity field and steady-state Ocean Circulation Explorer) mission that 
was shaped as a long slender octagonal prism with a length of 5.26m.  The structure was 
subdivided into 3 modules by the use of several platforms.  The entire cylindrical primary 
structure was made using CFRP.  The spacecraft had a launch mass of 1077kg [15].  Both of 
these missions were launched in 2009. 
More recently, the GRAIL (Gravity Recovery and Interior Laboratory) mission was 
launched in 2011 and consisted of two satellites that were sent to lunar orbit.  The pair of GRAIL 
satellites each had a dry mass of 202kg.  Each of the spacecraft buses had a rectangular 
composite structure that consisted of six panels and two solar array substrates [16]. 
Surrey Satellite Technology Limited (SSTL) is developing the Geostationary Minisatellite 
Platform (GMP) for telecommunications.  The payload mass for this satellite is up to 450kg [17].  
The primary structure for this spacecraft is a composite cylinder.  SSTL is developing a series of 
low-cost, multi-functional composite structures of TRL 6 or higher.  These structures are made 
from either cyanate ester or epoxy resins [8]. 
The Modular Common Spacecraft Bus was used on the LADEE (Lunar Atmosphere and 
Dust Environment Explorer) mission that was launched in 2013.  The Modular Common 
Spacecraft Bus consists of a number of modules that can be combined in various configurations.  
This allows the bus to be used for a variety of missions including voyages to the moon and to 
near-Earth objects [18].  The purpose of the common bus is to reduce design and manufacturing 




The main structure for LADEE was 2.37m high by 1.85m wide by 1.85m deep.  The 
spacecraft had a total dry mass of 248kg.  The LADEE spacecraft consisted of a radiator module, 
bus module, payload module, and an extension module that housed the propulsion system [19].  
The modules and panels were sandwich construction with carbon fiber/epoxy laminates and 
aluminum honeycomb core.  The module to module interfaces were solid laminate.  In order to 
attach the modules together, secondary bonded bushings were used in flange-to-flange areas, at 
the outside corners, and at the internal gusset fittings [20]. 
 
2.2.2 Small Satellites 
The FORTE (Fast On-Orbit Recording of Transient Events) mission, launched in 1997, 
provided a test bed for an all composite spacecraft structure for a small satellite.  The spacecraft 
had an octagonal shape with three decks.  This spacecraft also used the SNAPSAT approach of 
cutting parts from flatstock [3].  The decks were built from aluminum honeycomb core 
sandwiched between T50-ERL1962 graphite/epoxy laminates.  Each of the decks was connected 
by structural trusses.  The decks and trusses were mechanically fastened to each other using 
aluminum corner fittings.  The composite design had a mass of 59kg compared to 80kg for an 
aluminum version.  The spacecraft had a total mass of 180kg [21]. 
TacSat-2, launched in 2006, was 2m by 1.1m by 1m, and had a dry bus mass of 153kg, and 
a total mass of 370kg.  The structure was an irregular octagon shape with payload and separation 
decks.  The bus structure consisted of composite facesheets over an aluminum honeycomb core 
[22]. 
Another mission on the upper end of the mass scale for small satellites is the EROS-A 
(Earth Remote Observation System) mission with a bus mass of 178kg and payload mass of 
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42kg.  It was launched in 2002 with an octagonal shaped composite structure with passive 
thermal control [23]. 
The STSat-2 (Science and Technology Satellite) mission with a failed launch in 2009, and 
STSat-3 mission launched in 2013, both used composite bus structures.  The STSat-2 mission 
had a mass of 100kg with dimensions of 0.62m by 0.7m by 0.9m.  The spacecraft bus featured a 
box structure that used CFRP materials [24].  The STSat-3 mission was slightly heavier and 
larger with a mass of 150kg and dimensions of 1.02m by 1.03m by 0.89m.  A multi-function 
composite bus structure was used [25]. 
A smaller satellite that had a composite bus was MightySAT I that was launched in 1998.  
The spacecraft had a mass of 63kg and a payload mass of 17kg.  The structure consisted of three 
decks that were supported by six structural frames in a hexagonal prism body [26].  The structure 
was made using K1352U graphite fibers and 954-3 cyanate resin.  Similar to the SMEX/WIRE 
and FORTE missions, the frames for MightySAT I were manufactured using the SNAPSAT 
method in which the parts were cut from flatstock and attached using a mortise and tenon 
technique [27]. 
In terms of smaller nanosatellites, the NEMO (Nanosatellite for Earth Monitoring and 
Observation) bus combined metallics and composites.  The primary structure measured only 
20cm by 20cm by 40cm [28].  The spacecraft had a total mass of 16kg, with 9kg of the total 
assigned to the payload.  The primary structure consisted of a dual tray system that supported all 
of the subsystem components.  The primary structure, brackets, and internal panels were all 
manufactured from magnesium alloys.  The main solar array was supported by a composite 




Another nanosatellite that used composite materials was the OPTOS mission.  The design of 
the spacecraft was a 3U sized CubeSat with dimensions of 10cm by 10cm by 34.5cm, and a mass 
of approximately 3.8kg.  The spacecraft used an internal structure constructed from composites 
to support the other elements of the spacecraft.  An aluminum external casing was then added to 
the structure [30]. 
 
2.3 Outgassing 
A number of environmental factors must be considered when designing composite space 
structures.  Outgassing in the vacuum of space is one of these important environmental 
phenomena that need to be investigated.  Outgassing occurs due to the release of moisture and 
volatile gases in the vacuum of space, as well as decomposition of the material due to the effects 
of atomic oxygen erosion and ultraviolet radiation exposure.  Shin et al. found that the primary 
outgassed products from an autoclave-cured graphite/epoxy composite were water (H2O), 
nitrogen gas (N2), and hydrocarbon (C6H5) [31]. 
Due to the low pressure of space, escaped gas particles travel in a straight line until they 
collide with a spacecraft surface or escape into space.  Approximately 1 in 10,000 to 1 in 
100,000 molecules will collide with another molecule and return to the spacecraft [3].  When 
outgassed molecules hit the spacecraft they may bounce off, or stick to the surface forming a 
molecular layer.  This contamination can degrade the performance of critical systems including 
thermal control systems, solar cells, optical lenses, and infrared sensors.  Additionally, products 
from outgassing may lead to the formation of a particle cloud that results in light scattering and 
further degrades the performance of optical sensors. 
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Outgassing can also result in dimensional instability of a structure that can be critical in 
certain applications, such as optical benches.  An experiment on the Long Duration Exposure 
Facility (LDEF) showed that a variety of carbon/epoxy composites took between 80 to 100 days 
to finish outgassing [32].  The time to finish outgassing depended on factors such as initial 
moisture concentration, volatile gas content, laminate thickness, ambient temperature, and 
constituent material diffusion properties.  The experiment also demonstrated that outgassing 
resulted in significant strain for matrix dominated composite laminates (such as 90 degree 
laminates), but no significant strain was measured for unidirectional fiber dominated laminates.  
Although the outgassing created residual stresses in both laminates, the high stiffness of the 
fibers resulted in smaller strains in the fiber direction. 
Tennyson and Matthews developed an analytical model to predict the dimensional changes 
caused by outgassing [32].  The model was dependent on the initial moisture content, the 
temperature, laminate thickness, and diffusion coefficient of the material.  They successfully 
showed that the model could be used to predict the dimensional changes observed during the 
LDEF mission.  Their model and experimental findings demonstrated that initial moisture 
content is critical for determining dimensional instability due to outgassing. 
 
2.4 Out-of-Autoclave Vacuum-Bag-Only Manufacturing 
Manufacturing processes used to produce composite components are different than those 
used for metals.  For most metallic structures a material with known properties is manufactured 
first, and then the part geometry and features are machined from a block of the material.  For a 
composite component the material properties are created simultaneously with the part geometry.  
Most composite space structures use fiber mats that have been pre-impregnated with resin that is 
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then partially cured.  These materials are commonly called prepregs.  The fibers of the prepreg 
mats are generally either aligned in the longitudinal direction (unidirectional) or in both the 
longitudinal and transverse directions (biaxial).  Autoclave curing is the most common 
manufacturing method for composite space structures.  The thin plies of material are laid up on a 
metallic or composite tool with the fibers of each ply aligned in the desired direction.  After 
layup the part is covered by a thin disposable plastic bag and vacuum is applied.  The part is then 
put in an autoclave that applies temperature and pressure to consolidate the plies and fully cure 
the resin. 
There are a number of out-of-autoclave (OOA) manufacturing methods that are currently 
used in the space industry including filament winding and pultrusion.  An emerging OOA 
manufacturing method for the space industry is the use of prepregs with vacuum-bag-only 
(VBO) consolidation.  In this method the part is cured in an oven without the use of external 
pressure from an autoclave. 
Messinger evaluated over 100 composite technologies, suggested development plans for 
each one, and then ranked their importance to the Constellation program [33].  Although the final 
rankings are not applicable to small satellite structures, many of the evaluated technologies are.  
One recommendation was for further research related to OOA curing.  This is important for 
small satellites as capital and operating costs for autoclaves are very high.  Eliminating the 
necessity of autoclave curing has the potential to reduce costs and make composite structures for 
small satellites more cost competitive when compared to other materials.  For OOA 
manufacturing, Messinger recommended the development of materials and processes with 
across-the-board autoclave-like properties, and acquiring epoxies with a lower cure temperature 
and a higher working temperature. 
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Additionally, autoclave curing requires expensive tooling in order to withstand the high 
pressures during the cure cycle.  VBO manufacturing can often use lower cost tooling due to the 
lower pressures required.  In regards to low-cost (expendable) tooling, Messinger recommended 
the development of tooling epoxies with a low cure temperature and a high working temperature 
[33]. 
Another benefit of VBO curing is the lower cure pressure can eliminate autoclave-induced 
defects such as honeycomb core crush in composite sandwich structures.  This allows for the use 
of lighter and less expensive cores [34]. 
 
2.4.1 VBO Materials and Bagging 
During autoclave manufacturing the applied pressure consolidates the prepreg layers, and 
suppresses porosity by forcing resin into dry areas, collapsing bubbles of entrapped air and 
volatiles, and preventing volatilization of solvents and moisture.  This is critical because porosity 
and entrapped gases can result in reduced mechanical properties and outgassing as described in 
Section 2.3.  Tenney et al. concluded during their review of NASA's composite material 
development that fabrication of composites by whatever process must yield void-free laminates 
to achieve useful engineering properties [35]. 
One of the biggest challenges for VBO processing is reducing porosity due to the relatively 
low applied pressure [36].  The key for low porosity VBO parts is the removal of gases 
entrapped during layup [34].  VBO prepregs are engineered differently than autoclave prepregs 
in order to facilitate this removal of gas.  VBO prepregs are designed with partially impregnated 
microstructures that consist of both dry and resin-rich areas.  The dry areas allow for the gases to 
travel towards the laminate boundaries during the initial curing phase.  During this initial phase 
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the resin carries hydrostatic pressure and capillary pressure, while the fiber bed carries the 
remaining applied stresses.  This means the fiber bed stiffness sets the final thickness of the 
laminate.  As the temperature is increased the resin viscosity is reduced allowing the resin to 
flow into the dry areas.  Additionally, as the fiber bed is compacted it forces the resin to flow 
into dry spots of the laminate. 
 
2.4.2 Vacuum Pressure and Evacuation Time 
Vacuum pressure is critical for VBO composites because of the lack of external pressure.  
Ridgard showed that the void content of VBO cured panels made using MTM45 resin with 5-
harness satin AS4C fabric was dependent on the vacuum pressure.  A minimum vacuum pressure 
of 95kPa was required to achieve a void content of less than 1%.  Since a vacuum gauge 
measures the difference between the pressure inside the bag and that external to it, the 
recommendation was to set a minimum requirement of 95kPa at sea level and to reduce it by 
3.4kPa per 304.8m of elevation [37]. 
Arafath et al. used Darcy's Law and the ideal gas law to predict the time required to 
evacuate a mass fraction of gas in a prepreg.  They showed that evacuation time increased 
linearly with air viscosity, quadratically with part length, and decreased linearly with fiber bed 
permeability [38].  This indicates that part size is a critical factor in the length of time required to 
evacuate air from the prepreg.  For example, if the length of the specimen is doubled, it will take 
four times as long to evacuate the air.  Through thickness evacuation of the air involves shorter 
flow lengths, but the through thickness permeability of the prepreg was more than three orders of 
magnitude less than the in-plane permeability [34]. 
17 
 
While laying up prepreg materials, debulk steps will often be introduced to the process.  
Debulks involve the application of vacuum to the part after a number of plies have been laid up 
in order to conform the plies to the tool, consolidate the plies, and remove entrapped air.  
Villareal et al. suggested debulking every 2 to 4 plies to minimize the trapped air within the 
system before VBO curing [39].  However, care must be taken when determining the length of 
time for debulk processes.  Ridgard found that for debulks of relatively short duration of 15 
minutes to an hour, there appeared to be no particular effect on laminate quality.  For longer 
debulks of approximately 1 day, cold flow could be induced which reduced the permeability of 
the prepreg during cure, making it more difficult for entrapped gases to escape [37].  Meyers also 
warned that debulks performed at elevated temperatures may close off some of the air paths 
required during final cure [40]. 
 
2.4.3 Resin Rheology and Cure Cycle 
As discussed previously, in order to reduce void content, entrapped air and volatiles must 
be removed along dry fiber paths before the resin fully cures.  The ability to achieve a void free 
part is dependent on the resin rheology and the associated cure cycle [37].  Important curing 
parameters for either autoclave or oven curing include heating rate, final curing temperature and 
time, cool down rate, temperature and pressure tolerances, and temperature uniformity [41].  
Typically, fiber bed compaction occurs during the initial heating ramp stage.  For VBO 
manufacturing the resin must remain viscous enough during the initial stages of the cure cycle to 
allow for the removal of entrapped gases before the resin begins to flow and block these paths.  
However, the rheology of the resin must balance the reduction of voids due to entrapped gasses, 
with the reduction of voids caused by insufficient flow of the resin [34].  This balance is 
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dependent on the applied cure cycle.  An example provided by Ridgard states that for MTM45-1 
resin with a 193g/m
2
 3K carbon plain weave prepreg, a ramp rate of 1.5°C per minute to 121°C 
with a hold time of 4 hours resulted in a void free laminate as the gases had time to escape before 
the dry channels were cut off by the flow of resin.  The laminate could then be post cured to 
177°C.  Alternatively, if the material was ramped at 1.5°C per minute directly to 177°C, the 
laminate contained porosity because air and volatiles became entrapped when the resin flowed 
into the dry paths [37]. 
Ridgard also states that the removal of volatiles dissolved in the resin is a slower process 
than the removal of entrapped air.  The dissolved volatiles need time to come out of solution in 
the resin before they can escape from the laminate.  One of the primary volatiles extracted from a 
prepreg is absorbed atmospheric moisture.  The boiling point of water is reduced with decreasing 
pressure.  Therefore, when vacuum is applied to the part, it decreases the boiling point of water 
and allows for the earlier extraction of water content from the resin at a lower temperature [37].  
At a typical vacuum level used during production of VBO parts, the boiling temperature of water 
is between 50°C to 60°C.  Ridgard found that for CYCOM 5320-1 resin, a 4 hour ‘super 
ambient’ dwell at a temperature in the range of 50°C to 60°C was effective at reducing void 
content in the final laminate [42].  The study found that the porosity level was virtually identical 
for two laminate panels built using CYCOM 5320-1 8-harness prepreg, one with a 16 hour room 
temperature vacuum dwell, and the other with a four hour super ambient dwell at 50°C. 
Flow-induced voids are a function of the fiber bed and resin properties, and can occur 
regardless of how well gas-induced voids are reduced [34].  Centea and Hubert found that dense 
fiber tows, slow ramp rates, low dwell temperatures, and high initial degrees of cure (caused by 
long out-times) can lead to porosity due to incomplete impregnation before the resin cures.  They 
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found that high dwell temperatures and fast ramp rates can resolve this issue by decreasing the 
minimum viscosity of the resin [43].  However, Lucas et al. found that porosity increased with 
faster ramp rates when using Cycom 5320-1 resin [36].  These conflicting results are likely 
related to finding a cure profile that balances the need to remove volatile gases through dry fiber 
paths, with the need to ensure resin flows throughout the fiber mat before gelation occurs. 
 
2.4.4 Moisture Absorption 
Fernlund et al. found that increased relative humidity during processing resulted in 
increased void content.  They also found that longer evacuation distances compounded the effect 
of humidity.  For MTM45-1 resin, porosity was completely eliminated for 0% relative humidity 
and a 24 hour vacuum hold, indicating that moisture and entrapped air were the primary causes 
of gas-induced voids [34].  Grunenfelder and Nutt developed an analytical model based on 
diffusion void growth to predict void formation as a function of resin moisture content.  Void 
growth occurs when the pressure within a void exceeds the hydrostatic pressure in the resin.  A 
void containing air will collapse under the applied resin pressure, but the pressure in a void 
containing water will exceed the resin pressure.  The model assumed higher temperature and 
lower applied pressure facilitates void growth as both factors accelerate moisture diffusion 
through the resin.  This is not a concern for autoclave processing because the external pressure 
forces moisture to remain in solution, preventing the formation and expansion of voids [44].  
Grunenfelder and Nutt studied 6K Tenax HTA carbon fiber prepreg with MTM44-1 resin 
conditioned at humidity levels of 70%, 80%, and 90%.  They found that the weight percent of 
moisture in the resin was equivalent to the total sample weight loss during thermogravimetric 
analysis, indicating that escaped volatiles did not contribute appreciably to void growth.  They 
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also found that increased humidity levels resulted in an exponential increase in void content in 
the laminate [44]. 
TenCate has produced the TC275 epoxy prepreg OOA system.  Villareal et al. found that 
laminates that were cured at a higher temperature absorbed a higher amount of moisture upon 
saturation.  However, overall TC275 was found to have very low moisture absorption after 
saturation (0.4% when cured for 6 hours at 135°C) [39]. 
 
2.4.5 Out-Time 
A major quality concern when using composite materials is out-time of the prepreg 
material.  Over time the resin in the prepreg will chemically react and degrade the quality of the 
material.  Storing the prepreg materials at temperatures below -18°C retards the reaction and 
extends the useful life of the material [45].  The time that the prepreg is out of the freezer is 
referred to as its out-time.  It is critical to control the out-time of the prepreg material to achieve 
a high quality laminate. 
Sutter et al. reported on a NASA sponsored project that examined the effects of out-time on 
the performance of OOA prepreg materials.  They found that the void volumes for autoclave-
cured panels were not significantly different in both the fresh and out-life panels.  They also 
found that the OOA resin system MTM45-1 had a void content of only 0.1% for fresh prepreg.  
However, the void content in MTM45-1 increased dramatically to 8.3% when the suggested out-




2.5 Conclusions of the Literature Review 
Composite materials have been adopted for some spacecraft primary structures.  These 
applications have been mainly on large satellites with more limited use for small satellite 
structures (less than 180kg).  Their use has been very limited for the nanosatellite and 
microsatellite class (1-100kg), even though this market segment is seeing tremendous year-over-
year growth.  Typically existing composite space structures have been built using autoclave 
processing.  Out-of-autoclave manufacturing has the potential of decreasing production costs and 
making composite materials more affordable for smaller spacecraft. 
There are a number of space environmental effects that must be considered when designing 
composite spacecraft components.  In particular, outgassing is a concern due to the potential 
contamination of sensitive equipment, and changes in dimensional tolerances.  Absorbed 
moisture has been found to be a primary factor in the outgassing performance of composites in 
outer space. 
Out-of-autoclave manufacturing, and specifically vacuum-bag-only processing, is an 
emerging area for the production of composite components.  Numerous research projects have 
been conducted to better understand the manufacturing parameters that are critical to producing 
high quality laminate parts.  Parameters that have been studied include the fiber mat architecture, 
resin rheology, part size, bagging methods, humidity levels, vacuum pressure, and cure cycles.  
The effect of these parameters on the mechanical properties and porosity levels of the laminate 
have been examined.   
Researchers have found that the debulk schedule and evacuation time before curing has an 
effect on the void content of a laminate, although there is no consensus on the ideal debulk 
schedule before curing.  Some research has suggested that the use of super ambient cure steps in 
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the temperature range of 50°C to 60°C may reduce the need for long evacuation times before 
curing.  It has also been discovered that the cure cycle, including the final curing temperature and 
ramp rate, greatly influence the final porosity level.  Finding a balance that allows enough time 
for the removal of entrapped gases, while ensuring the resin flows into all dry areas before 
gelation, is critical.  Researchers have also found that humidity levels play an important role in 
void content as absorbed moisture is the primary volatile released during curing. 
Although a number of researchers have examined the relationship between these 
manufacturing parameters and void content, work has not been undertaken to determine how 
these parameters effect outgassing of the laminate under vacuum conditions.  Additionally, there 
is an intuitive relationship between void content and outgassing performance, but a relationship 
between these two variables has not been investigated.  Adopting VBO processing for small 
satellite structures has the potential to reduce the costs related to autoclave processing.  However, 






CHAPTER 3: TESTING PLAN
In order to prove the validity of the thesis, that out-of-autoclave VBO processing is capable 
of producing laminates with outgassing performance equivalent to autoclave-cured components, 
VBO prepreg panels were built using two epoxy resin systems: CYCOM 5320-1 and TC275-1.  
Epoxy resins were selected because they are typically less expensive than cyanate ester resins 
that are known for low outgassing performance.  Additionally, both of these resins have 
spaceflight heritage. 
Three variables were adjusted during manufacturing to determine their effect on void 
content and outgassing of the VBO composite panels.  The first variable was humidity level.  As 
discussed in Sections 2.3 and 2.4.4, initial moisture content is a major contributing factor to void 
development and outgassing in the space environment.  Three humidity levels were selected: 
50%, 65%, and 80%.  These values were chosen based on typical ranges of humidity controlled 
chambers designed for composite fabrication.  A humidity controlled chamber that was large 
enough to manufacture these panels was not available.  Instead, the uncured prepreg plies were 
placed in an environmental chamber set to the desired humidity level for 24 hours before layup. 
The second variable that was adjusted was the vacuum hold time before curing.  Section 
2.4.2 discussed how evacuation time under vacuum affects the void content in a composite 
laminate.  The three hold times that were selected were 0.5 hours, 4 hours, and 24 hours.  Rigard 
has reported that room temperature vacuum dwell times of 16 hours or longer are common place 
in published work [42]. 
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The third variable was the cure cycle.  There are many variables within a cure cycle 
including ramp rate, hold temperatures, and hold times.  A summary of the selected cure cycles 
is shown in Table 3.1.  The baseline cure cycle for each material was selected based on the 
manufacturer’s recommended cure cycle.  For CYCOM 5320-1 the manufacturer’s 
recommended cure cycle is ramp at 1.67°C/min to 60°C and hold for 2 hours, then ramp at 
1.11°C/min to 121°C and hold for another 2 hours, and finally ramp at 1.67°C/min to 177°C and 
hold for 2 hours.  The concept and potential benefits of the super ambient cure stage at 60°C 
were discussed in Section 2.4.3.  The second cure cycle for CYCOM 5320-1 removed the super 
ambient step and ramped immediately from room temperature to 121°C.  The third cure cycle 
increased the final cure temperature from 177°C to 191°C to increase the final degree of cure of 
the laminate.  The theory behind this change is that a higher degree of cure in the laminate would 
result in less unreacted resin that could result in the creation of volatile gases. 
For the TC275-1 resin, the manufacturer’s recommended cure cycle is to ramp at 
1.11°C/min to 107°C and hold for 1 hour, then ramp at 1.11°C/min to 177°C and hold for 2 
hours.  The second cure cycle for TC275-1 added the super ambient cure step by ramping from 
room temperature to 60°C at a rate of 1.67°C/min and then holding for 2 hours.  The third cure 
cycle used the manufacturer’s recommended cycle, but increased the final cure temperature from 
177°C to 191°C. 
Both material systems were also tested using an autoclave cure to compare to the VBO 
processing.  This cure consisted of ramping at a rate of 1.67°C/min to 121°C and holding for 2 
hours, followed by ramping at 1.11°C/min to 179°C and holding for 2 hours.  The pressure 
during this cure cycle was set to 310kPa and the vacuum was fully vented from the bag. 
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The test matrices for each material system are given in Table 3.2 and Table 3.3.  The test 
panels were not built in numerical order so the name of each panel is also specified in these 
tables. 
Table 3.1 – Cure Cycles 
Cure 
Cycle # 




























1 1.67 60 2 1.11 121 2 1.67 177 2 
2 - - - 1.11 121 2 1.67 177 2 
3 1.67 60 2 1.11 121 2 1.67 191 2 
4 - - - 1.11 107 1 1.11 177 2 
5 1.67 60 2 1.11 107 1 1.11 177 2 
6 - - - 1.11 107 1 1.11 191 2 
Autoclave* - - - 1.29 124 1.83 0.97 179 1.92 
*310kPa pressure and fully vented vacuum 
Table 3.2 – Test Matrix CYCOM 5320-1 
Test Panel Name Humidity (%) Debulk Time (hr) Cure Cycle # 
5320_P2 50 0.5 1 
5320_P9 65 0.5 1 
5320_P3 80 0.5 1 
5320_P4 65 4 1 
5320_P5 65 24 1 
5320_P6 65 0.5 2 
5320_P7 65 0.5 3 
5320_P8 65 0.5 Autoclave 
 
Table 3.3 – Test Matrix TC275-1 
Test Panel Name Humidity (%) Debulk Time (hr) Cure Cycle # 
TC275_P5 50 0.5 4 
TC275_P4 65 0.5 4 
TC275_P6 80 0.5 4 
TC275_P2 65 4 4 
TC275_P1 65 24 4 
TC275_P8 65 0.5 5 
TC275_P7 65 0.5 6 
TC275_P3 65 0.5 Autoclave 
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RAVEN software is designed to predict the cure kinetics of a composite component based 
on the cure cycle parameters including ramp rate, cure temperatures, and dwell times.  The 
properties of both CYCOM 5320-1 and TC275-1 are characterized in the software.  RAVEN was 
used to predict the degree of cure and glass transition for each of the cure cycles shown in Table 
3.1.  After panel manufacturing was completed, modulated differential scanning calorimetry 
(MDSC) was performed to verify the degree of cure and glass transition temperature for each 
panel. 
Void content was calculated by preparing micrographs from each sample and examining 
them using an optical microscope.  The microscope software was then used to automatically 
calculate the area of manually selected voids.  ASTM E595 testing was conducted to determine 
the outgassing performance of the laminates under a vacuum and elevated temperature.  Lastly, 
the outgassed products were examined using Fourier Transform Infrared (FTIR) spectroscopy to 
identify the volatile gases condensed after outgassing.
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CHAPTER 4: EXPERIMENTAL SETUP AND PROCEDURE 
This chapter provides the details of the materials, equipment, manufacturing steps, 
experimental setup, and procedures used to execute the test plan. 
 
4.1 Material and Layup Schedules 
Two prepreg materials were investigated as part of this project: CYCOM 5320-1 T650/35 
3K 8HS and TC275-1 HTS40 3K 2x2 twill.  CYCOM 5320-1 is a toughened epoxy resin system 
produced by Cytec.  T650/35 is a continuous, high strength, standard modulus carbon fiber with 
3000 filaments per carbon fiber strand (3K).  8HS represents an eight-harness satin fabric in 
which the fill yarn passes over seven warp yarns and then under one warp yarn.  The eight-
harness fabric has an areal weight of approximately 370g/m
2
.  TC275-1 is a toughened epoxy 
resin system produced by TenCate.  HTS40 is a standard modulus carbon fiber produced by 
Toho Tenax with 3000 filaments per carbon fiber strand (3K).  2x2 twill is a weaving pattern 
where the weft thread passes over 2 warp threads and then under two warp threads, with an offset 
between each row.  The 2x2 twill has an areal weight of 193g/m
2
.  Both of these prepreg 
materials have been designed specifically for vacuum-bag-only oven cured processing. 
The layup schedule selected for this experiment consisted of a quasi-isotropic, 8 ply 
stacking sequence of [0/+45/90/-45]S.  This layup schedule was chosen because it results in 




4.2 Panel Fabrication 
A total of eight panels were built by hand from each of the two materials.  The panels 
measured 41cm x 41cm.  This panel size was selected because it was within a typical range of 
component size for small satellites, allowed for machining of all required test specimens, fit 
within the environmental chamber, and was small enough to allow all panels to be built with the 
available material. 
Prepreg materials must be kept in a freezer to prevent the resin from curing over time which 
results in a degradation of performance.  The manufacturer for each material specifies an 
allowable out-time at room temperature (20 days for 5320-1 and 14 days for TC275-1).  In order 
to avoid exceeding the allowable out-time, all of the required plies for each material (32 plies in 
the 0/90 orientation and 32 plies in the +45/-45 orientation) were trimmed at one time and then 
returned to the freezer.  The required plies were removed from the freezer and allowed to thaw 
for a minimum of 2 hours before being placed in the environmental chamber for humidity 
conditioning. 
The environmental chamber was a Thermotron SM-4 8200 and is shown in Figure 4.1.  The 
backing paper was removed from the plies and each ply was placed on its own rack in the 
chamber.  The chamber was set to 23°C and the humidity level was set according to the test 
matrices shown in Table 3.2 and Table 3.3.  The plies were left in the chamber for a minimum 24 




Figure 4.1 – Environmental Chamber 
The layup was performed on a 12.7mm thick aluminum tool with dimensions of 68cm x 
68cm.  In preparation for the layups, the tool was initially sanded by hand using 400 grit 
sandpaper.  It was then sanded using a rotational sander with 800 grit paper.  Four coats of Zyvax 
Sealer GP were applied to seal the tool.  Four coats of Loctite 710-LV Frekote release were 
applied to the tool before the first layup was started.  An additional release coat was applied after 
every four panels were built. 
A typical bagging process for VBO manufacturing is shown in Figure 4.2.  Solid release 
film was placed directly on to the prepreg and prevented the breather or bag from sticking to the 
panel.  Solid release film was selected because in pre-trial testing resin flowed through 
perforated release film and stuck to the other disposable materials.  The downside to using solid 
release film was it may have hindered out-of-plane evacuation of air and volatile gases.  
The breather was a non-woven polyester cloth that allowed the vacuum to travel across the 
surface of the part and helped to remove air and volatile gases from the prepreg.  To facilitate the 
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removal of gases from the prepreg into the breather, permeable boundaries that connect the 
laminate to the breather were required.  This was achieved by placing 10cm wide strips of 
237g/m
2
 fiberglass cloth along all four edges of the panel.  The fiberglass cloth was wrapped 
around strips of cork to prevent the vacuum bag from pinching off the edges of the panel that 
would result in trapping the air and volatile gases within the laminate.  Only one strip of cork 
was required for the TC275-1 panels, but two strips of cork were stacked on top of each other for 
the CYCOM 5320-1 panels because the CYCOM 5320-1 plies were thicker than the TC275-1 
plies.  It should be noted that the cork/fiberglass combination was not included during the 
autoclave cures to prevent bleeding excessive resin under the pressure of the autoclave. 
 
Figure 4.2 – Typical Bagging Process 
A disposable nylon bag was used to seal the panel for curing.  Tacky tape was placed on all 
four edges of the tool to provide the seal with the nylon bag.  Pleats were put into the bag in 
order to make sure there was sufficient bag to cover the panel and to conform over the cork strips 
and the vacuum port.  Pleats were added to the bag by placing pieces of tape approximately 3cm 
to 4cm long perpendicular to the tooling surface as shown in Figure 4.3.  Two pleats were placed 




Figure 4.3 – Bagging Pleat 
The steps for the preparation and layup process were as follows.  Pictures of the layup 
process are shown in Figure 4.4. 
1. Trim the edge cork tape to four lengths of 41cm. 
2. Trim the fiberglass cloth in four strips, each measuring 52cm long.  Wrap the fiberglass 
cloth around the cork tape leaving approximately half the width of the cork tape adhesive 
exposed. 
3. Trim the solid release film in a square measuring 50cm x 50cm. 
4. Trim the breather in a square measuring 62cm x 62cm.  Trim a second piece of breather 
approximately 5cm x 32cm.  Fold the second piece of breather in four so that it measures 
5cm x 8cm. 
5. Trim the nylon bagging film in a square measuring 105cm x 105cm. 
6. Place flashbreaker tape on the tool in a square that measures 42cm x 42cm to prevent the 
cork tape from sticking to the tool. 
7. Place tacky tape on the four edges of the tool.  Add two additional 3cm to 4cm long tape 
pieces along each edge for pleating. 
8. Remove a single ply from the humidity chamber. 
9. Lay down the ply on the tool in the appropriate orientation.  Use a plastic sweep to ensure 
no air is trapped between the plies.  Repeat for each of the next seven plies according to a 
layup schedule of [0/+45/90/-45]s. 
10. Place the fiberglass/cork tape butted up against all four edges of the laminate.  Use small 
pieces of flashbreaker tape to hold down the edges of the fiberglass cloth. 
11. Place the solid release film on top of the laminate. 
12. Place the large piece of breather over the laminate.  Place the smaller folded piece of 
breather in one corner of the tool.  Place the bottom of the vacuum port on top of the 
small piece of breather. 
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13. Place the bagging film over the entire layup and seal using the tacky tape. 
14. Create a small cross slit in the bagging film where the vacuum port will attach.  Install the 
top of the vacuum mushroom.  Seal the edge of the vacuum port using tacky tape. 
15. Turn on the vacuum pump and attach the vacuum hose to the vacuum port. 
16. Check for any leaks in the bag and fix accordingly. 
 
 
Figure 4.4 – Layup Process 
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For this project the initial vacuum was applied using a Busch RA 0040 vacuum pump.  The 
vacuum bag was then checked for leaks.  After all leaks were sealed the tool was moved into the 
oven.  The vacuum pump had limitations on the time it could run without overheating so a 
secondary vacuum source was required during the pre-cure vacuum dwell time and curing 
process.  A venturi pump that runs on compressed air was attached to the oven.  Vacuum lines 
that run in the oven were then attached to the vacuum port of the panel as shown in Figure 4.5. 
 
Figure 4.5 – Panel in the Oven 
The oven was a model number 38-650 produced by Precision Quincy Corporation and is 
shown in Figure 4.6.  The details of the curing cycle, including the ramp rates, cure temperatures, 
and hold times, were programmed into the oven control system.  The remaining processing steps 
included: 
17. Detach the vacuum hose and move the tool into the oven. 
18. Turn on the venturi pump and attach the vacuum hose to the vacuum port. 
19. Leave the vacuum on for the pre-cure dwell time specified by the test matrix. 
20. Turn on the oven and run the cure cycle specified by the test matrix. 




22. Remove the bagging materials from the panel.  Use plastic wedges to lift the panel from 
the tool. 
 
Figure 4.6 – Electric Oven 
4.3 Test Specimen Trimming and Dimensions 
Specimens for each of the tests were cut from the panels at the locations shown in Figure 
4.7 and Figure 4.8.  Rough cuts were performed using a band saw.  The final cuts were 
performed using a diamond saw shown in Figure 4.9, in order to achieve a smooth cut surface.  
All of the specimens were taken from near the center of the panel as it is the most likely area for 
void development since the gases have the longest escape path to the edges of the laminate. 
The specimens sent for outgassing measured 4cm x 4cm.  These specimens were 
subsequently cut into smaller samples each with a mass of approximately 170mg to 215mg.  
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Three MDSC specimens were trimmed, each with a length of 4cm and a width of 0.1cm.  Void 
content specimen A was cut parallel to the 0° fiber direction, while void content specimen B was 
cut perpendicular to the 0° fiber direction.  Specimen A was cut to a length of 4cm and specimen 
B was cut to a length of 4.5cm.  Both specimens had a thickness of 0.1cm. 
 




Figure 4.8 – Test Panel Marked for Trimming 
 
Figure 4.9 – Diamond Saw 
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4.4 Modulated Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) measures the heat flow from a specimen as 
temperature is varied.  This is accomplished by increasing temperature at a constant rate for both 
an empty test pan, and a test pan with a sample in it.  The heat released from the sample is 






+ 𝑓(𝑇, 𝑡)                                                         (4.1) 
Where dH/dt = DSC heat flow signal (W or J/s) 
Cp = Sample heat capacity (J/°C) 
dT/dt = Heating rate (°C/s) 
f(T,t) = Heat flow as a function of time at an absolute temperature (J/s) 
Modulated differential scanning calorimetry (MDSC) separates the total heat flow into the 
part that corresponds to the heating rate (term 1 in Equation 4.1) and the part that corresponds to 
absolute temperature (term 2 in Equation 4.1).  This differentiates the component of the heat 
flow that is related to heat capacity from the component related to kinetic events.  This is 
accomplished by altering the constant heat rate by applying a rapid sinusoidal fluctuation in 
temperature. 
MDSC testing measures two signals.  Reversing heat flow is the heat capacity component of 
the total heat flow.  It is calculated by multiplying the measured heat capacity by the average 
heating rate.  The non-reversing heat flow is the kinetic component of the total heat flow.  It is 
calculated by subtracting the heat capacity component from the total measured heat flow. 
Glass transition temperature is the temperature where a substance transitions from a hard, 
glassy state to a viscous state.  The glass transition temperature is calculated using MDSC 
according to ASTM E2602-09 – Standard test method for the assignment of the glass transition 
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temperature by modulated temperature differential scanning calorimetry [47].  A plot is created 
with the reversing heat flow on the Y-axis and the average sample temperature on the X-axis.  
The glass transition is indicated by a sigmoidal step in the reversing heat flow signal. 
The non-reversing heat flow signal measures the exothermic heat flow produced by a 
reaction.  Integrating the exothermic heat flow over time results in the heat of reaction.  MDSC 
can be used to measure the heat of reaction of a specimen that is 100% unreacted to determine 
the total heat of reaction.  MDSC can also be used to calculate the heat of reaction of a partially 
cured specimen.  The total fraction reacted is calculated by dividing the heat of reaction from a 
partially cured specimen by the total heat of reaction, and then subtracting the value from unity.  
The total fraction reacted is also known as the degree of cure of the specimen.  The process of 
measuring and calculating these values is explained in ASTM E2160-04 – Standard test method 
for heat of reaction of thermally reactive materials by differential scanning calorimetry [48]. 
Specimens for the MDSC experiments were trimmed on the diamond saw so that each 
specimen had a mass between 9mg and 18mg.  The specimens were weighed using a Sartorius 
Cubis Microbalance with an accuracy of ±0.001mg.  The mass was recorded and then each 
specimen was placed in an aluminum pan that included a lid.  The pans were then loaded into the 
equipment.  The experiments were performed using the DSC Q1000 from TA Instruments that is 
shown in Figure 4.10.  Three specimens were tested for each panel at a temperature ramp rate of 
3°C/min.  A chart showing the total heat flow, reversible heat flow, and non-reversible heat flow 
was created by the test software for each of the specimens.  The heat of reaction and the glass 





Figure 4.10 – Differential Scanning Calorimeter 
4.5 Void Content Measurement 
Void content measurement was conducted using optical microscopy.  Specimens were taken 
from the panel at two different locations as shown in Figure 4.7.  Specimen A had an 
approximate length of 4cm while specimen B had an approximate length of 4.5cm.  The surface 
was prepared by wet sanding with progressively finer grit sand paper.  The final sandpaper used 
on the surface was 2000 grit.  The surface was then cleaned with water to remove any remaining 
dust. 
An Axio Zoom V16 optical microscope, shown in Figure 4.11, was used to view each of the 
specimens at 32.5 times magnification.  In order to view the complete cross section, a tiled image 
was created for each specimen that consisted of between 12 and 26 separate images stitched 




Figure 4.11 – Axio Zoom V16 Optical Microscope 
 
Figure 4.12 – Typical Stitched Image of a Specimen Cross Section 
The Zen Blue software was then used to measure the area of each void.  The spline tool was 
used to manually encircle each void in the image.  The software automatically calculated the 
enclosed area.  The spline tool was also used to measure the area of the entire cross section.  A 
typical image of the encircled voids is shown in Figure 4.13.  The void content was then 




Figure 4.13 – Encircled Voids Using Zen Blue Software 
4.6 Outgassing Measurement 
The outgassing properties of the panels were measured according to ASTM E595 – 
Standard test method for total mass loss and collected volatile condensable materials from 
outgassing in a vacuum environment [49].  The first step was to condition each specimen at 23°C 
and 50% relative humidity for 24 hours in a preformed, degreased aluminum container.  After 
conditioning, the specimen and container were weighed and then placed in a specimen 
compartment in a copper heating bar.  The heating bar was enclosed in a vacuum chamber that 
was sealed and then evacuated to an approximate vacuum level of 1.3x10
-4
Pa.  The temperature 
of the chamber was increased to 125°C causing vapor from the specimen to travel through a hole 
in the specimen compartment to the collector chamber.  A previously weighed chromium plated 
collector plate, which was maintained at 25°C, was located inside the collector chamber.  The 
outgassed vapor condensed on the collector plate.  After 24 hours the specimen chamber was 
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cooled and the vacuum chamber was repressurized with a dry, inert gas.  The test apparatus used 
for the ASTM E595 testing is shown in Figure 4.14. 
After the test was completed the specimen and collector plates were weighed.  Total mass 
loss (TML) was calculated by comparing the original specimen mass to the total mass of the 
material outgassed.  Collected volatile condensable material (CVCM) was calculated by dividing 
the mass of the outgassed matter that condensed on the collector plate by the original specimen 
mass.  After the specimen was weighed to determine TML, it was conditioned for 24 hours at 
23°C and 50% relative humidity.  The specimen mass was measured once again after this 
exposure.  This value was compared to the specimen mass determined after the vacuum exposure 
to calculate the water vapor regained (WVR) percentage. 
 
Figure 4.14 – ASTM E595 Testing Apparatus 
4.7 Fourier Transform Infrared Spectroscopy (FTIR) 
Molecular bonds vibrate at characteristic frequencies.  This results in the absorption of 
certain frequencies in the infrared region of the electromagnetic radiation spectrum.  By applying 
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an infrared beam to a specimen a spectral pattern can be recorded.  This pattern is compared to 
known signatures within spectral libraries and can be used to identify materials that are present 
within a sample. 
In order to perform the FTIR scan, a pipette was used to dispense a small volume of the 
solvent Heptane on to the surface of the collector plate.  The solution was then transferred onto a 
zinc-selenium liquid sampling trough.  The solvent was allowed to evaporate and then an 
infrared scan was performed on the remaining CVCM.  The scan was performed in the 





.  A photo of the FTIR spectrophotometer is shown in Figure 4.15.  The 
recorded spectra were then compared to known spectral patterns to determine which compounds 
were present in the sample. 
 





CHAPTER 5: RESULTS AND DISCUSSION
This chapter details the results from the testing program.  It includes data and discussion on 
the cure kinetics modelling, degree of cure and glass transition temperature testing, void content 
examination, and outgassing experimentation. 
 
5.1 RAVEN Cure Kinetics Modelling 
RAVEN is a composites processing analysis software produced by Convergent 
Manufacturing Technologies.  It has built-in virtual composite material processing models for a 
number of resins including CYCOM 5320-1 and TC275-1.  The user programs a cure cycle by 
entering the desired ramp rates, dwell temperatures, and hold times.  The software then predicts 
characteristics such as degree of cure, glass transition temperature, and resin viscosity for any 
given time during the cure cycle.  RAVEN was used in this project to help select the cure cycles 
for experimentation. 
The cure kinetics model for CYCOM 5320-1 was provided by Cytec, the manufacturer of 
the material.  The first cure cycle that was entered was the manufacturer’s recommended cure 
cycle from the material datasheet.  This cure cycle consisted of a 2 hour hold at 60°C, followed 
by a 2 hour hold at 121°C, and finally a 2 hour hold at 177°C.  The cure cycle is shown in Figure 
5.1.  The second cure cycle eliminated the 2 hour hold at 60°C and is shown in Figure 5.2.  The 
third cure cycle consisted of a 2 hour hold at 60°C, followed by a 2 hour hold at 121°C, and then 
increased the final 2 hour hold temperature to 191°C.  The third cure cycle is shown in Figure 
5.3.  An autoclave cure cycle was also performed.  It consisted of a 1.83 hour hold at 124°C, 
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followed by a 1.92 hour hold at 179°C.  During the process 310kPa pressure was applied and the 
vacuum was vented from the bag.  The autoclave cure cycle is shown in Figure 5.4. 
The cure kinetics model for TC275-1 was provided by Convergent Manufacturing 
Technology.  The first cure cycle that was entered (cure cycle 4 in the test plan) was the 
manufacturer’s recommended cure cycle from the material datasheet.  This cure cycle consisted 
of a 1 hour hold at 107°C, followed by a 2 hour hold at 177°C.  The cure cycle is shown in 
Figure 5.5.  The second cure cycle for TC275-1 (cure cycle 5) added a super ambient stage at the 
beginning of the cycle.  It consisted of a 2 hour hold at 60°C, followed by a 1 hour hold at 
107°C, and finally a 2 hour hold at 177°C.  Cure cycle 5 is shown in Figure 5.6.  The final cure 
cycle for TC275-1 was the same as cure cycle 4, but increased the final curing temperature to 
191°C as shown in Figure 5.7.  The same autoclave cure that was used for the CYCOM 5320-1 
laminate was also used for the TC275-1 laminate.  The cure cycle is shown in Figure 5.8 
 
5.1.1 Viscosity 
RAVEN predicts the resin viscosity changes as the cure cycle progresses.  Figure 5.1 shows 
that the resin viscosity drops as the temperature begins to ramp up, but stabilizes during the first 
60°C hold.  This is important in order to allow for air and volatile gases to escape through dry 
fiber paths before the viscosity drops further and the resin begins to more freely flow through the 
laminate.  After the 60°C hold is complete, the temperature begins to rise again.  The resin 
viscosity decreases and reaches its lowest level at the start of the 121°C hold.  At this time 
gelation of the resin begins and the viscosity quickly increases, reaching a maximum shortly 
before the 121°C hold time is completed.  It is important to note that once the resin viscosity has 
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reached its maximum, gas movement within the laminate is severely restricted, and it is unlikely 
that further gas extraction will occur during the final 177°C curing step. 
During cure cycle 2, the resin viscosity continuously decreases as the temperature is 
increased to 121°C, eliminating the initial resin viscosity plateau observed during cure cycle 1.  
Figure 5.2 shows that the resin viscosity reaches its minimum and maximum values at 
approximately the same cure temperatures as cure cycle 1. 
The resin viscosity for cure cycle 3, shown in Figure 5.3, follows the same pattern as cure 
cycle 1.  The increase in the final curing temperature has no effect on the viscosity.  The resin 
viscosity for the autoclave cure cycle is shown in Figure 5.4.  It has a very similar pattern to cure 
cycle 2. 
Figure 5.5 shows how the resin viscosity changes during the manufacturer’s recommended 
cure cycle for TC275-1.  As the temperature is ramped up, the viscosity continuously decreases 
until reaching a minimum shortly after the 107°C hold begins.  At this time the viscosity begins 
to increase until the second ramp stage begins.  The viscosity then decreases again, reaching a 
local minimum, before rapidly increasing.  Gelation occurs before the final curing temperature is 
reached. 
The addition of the super ambient cure stage, cure cycle 5 shown in Figure 5.6, 
demonstrates an initial decrease in resin viscosity until the 60°C hold time is reached.  At this 
point the viscosity plateaus in a similar manner as was observed for the super ambient cure stage 
of the CYCOM 5320-1 resin.  At the conclusion of the super ambient cure stage, the resin 
viscosity follows the same pattern shown for cure cycle 4. 
Figure 5.7 shows the resin viscosity for cure cycle 6.  It follows the same pattern as cure 
cycle 4.  The increase in the final cure temperature does not affect the viscosity.  The resin 
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viscosity results for the autoclave cure cycle are shown in Figure 5.8.  There is a noticeable 
difference between the results for the autoclave cycle and the other cure cycles.  During the 
autoclave cure cycle the resin viscosity drops to a minimum at the start of the first hold time, but 
then rapidly increases.  This difference can be attributed to the higher hold temperature at this 
stage, 124°C compared to 107°C. 
The minimum predicted viscosity for CYCOM 5320-1 was 3.79 Pa·s compared to 
37.51Pa·s for TC275-1. 
 




Figure 5.2 – CYCOM 5320-1 Cure Cycle 2 Viscosity 
 




Figure 5.4 – CYCOM 5320-1 Autoclave Cure Cycle Viscosity 
 




Figure 5.6 – TC275-1 Cure Cycle 5 Viscosity 
 




Figure 5.8 – TC275-1 Autoclave Cure Cycle Viscosity 
 
5.1.2 Degree of Cure 
Figure 5.9 shows how the degree of cure of the laminate increases during cure cycle 1.  
During the super ambient stage the degree of cure stays at virtually 0.  It begins to increase near 
the end of the second temperature ramp and then consistently increases during the 121°C hold to 
a value of approximately 0.43.  The rate of change in the degree of cure increases as the final 
temperature ramp stage begins, and then slows down during the final 177°C hold.  The final 
predicted degree of cure for this cycle is 0.932. 
The degree of cure plot for cure cycle 2 is shown in Figure 5.10 and is very similar to the 
plot for cure cycle 1.  Cure cycle 2 also has a degree of cure of approximately 0.43 at the end of 
the 107°C hold and finishes with a degree of cure of 0.932. 
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Figure 5.11 shows the progression of the degree of cure for cure cycle 3.  The degree of 
cure follows the same pattern as the first two stages of cure cycle 1.  The difference is observed 
in the final stage when the higher curing temperature of 191°C results in a predicted degree of 
cure of almost unity at 0.999.  The autoclave cure cycle results shown in Figure 5.12 follow the 
same pattern as the three OOA cure cycles.  The final predicted degree of cure is 0.949.  This is 
slightly higher than for the first two cure cycles because the final cure temperature was higher. 
Figure 5.13 shows the progression of the degree of cure for TC275-1 during cure cycle 4.  
The degree of cure begins to increase at the late stages of the initial ramp stage and then steadily 
increases during the 107°C hold.  At the end of the first hold, the degree of cure is predicted as 
approximately 0.16, significantly lower than for the CYCOM 5320-1 resin after the same stage.  
This is attributable to both the lower cure temperature, 107°C compared to 121°C, and to the 
shorter hold time, 1 hour compared to 2 hours.  During the final ramp stage the degree of cure 
increases rapidly and then begins to slow down in the early stages of the 177°C hold.  The final 
predicted degree of cure is 0.912, two percentage points lower than for the CYCOM 5320-1 resin 
system. 
The progression of the degree of cure for cure cycle 5, shown in Figure 5.14, is very similar 
to cure cycle 4.  The degree of cure increases only marginally during the super ambient stage.  It 
then follows the same pattern as cure cycle 4, finishing with an identical 0.912 predicted degree 
of cure. 
Figure 5.15 shows the progression of the degree of cure for cure cycle 6.  The progression is 
identical to cure cycle 4 for the initial ramp stage and 107°C hold time.  It then proceeds in a 
similar pattern during the final ramp stage, but reaches a maximum of 0.965 due to the higher 
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final curing temperature.  This value is approximately 3 percentage points lower than the 
predicted final degree of cure for the CYCOM 5320-1 resin. 
The autoclave cure cycle results for the TC275-1 laminate are shown in Figure 5.16.  Due to 
the higher temperature during the first cure stage, 124°C compared to 107°C, the degree of cure 
is much higher for the autoclave cure after the first stage.  The final predicted degree of cure is 
slightly higher than for cure cycles 4 and 5 due to the slightly elevated cure temperature.  The 
final predicted value is 0.920. 
 




Figure 5.10 – CYCOM 5320-1 Cure Cycle 2 Degree of Cure 
 




Figure 5.12 – CYCOM 5320-1 Autoclave Cure Cycle Degree of Cure 
 




Figure 5.14 – TC275-1 Cure Cycle 5 Degree of Cure 
 




Figure 5.16 – TC275-1 Autoclave Cure Cycle Degree of Cure 
 
5.1.3 Glass Transition Temperature 
The RAVEN software also predicts glass transition temperature based on the cure cycle 
inputs.  Figure 5.17 shows how the glass transition temperature changes throughout cure cycle 1 
for the CYCOM 5320-1 resin.  Similar to the degree of cure, there is virtually no change in the 
glass transition temperature during the super ambient stage.  The first increases to the glass 
transition temperature are observed at the start of the 121°C hold.  During this time period the 
glass transition temperature increases in an approximately linear fashion.  The rate of change 
increases during the final ramp stage and finally begins to slow down part way through the 
177°C hold.  The final predicted glass transition temperature is 215.1°C.  The glass transition 
temperature progression is shown for cure cycle 2 in Figure 5.18.  The glass transition 
temperature follows the same pattern as was observed for cure cycle 1. 
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Figure 5.19 shows the glass transition temperature during cure cycle 3.  The progression is 
the same as for cure cycle 1 for the first two hold stages.  Due to the higher 191°C cure 
temperature, the predicted final glass transition temperature is increased to 234.8°C.  The glass 
transition temperature results for the autoclave cure are shown in Figure 5.20.  It follows a 
similar pattern as for the OOA cure cycles.  The final predicted value is 220°C, slightly higher 
than for cure cycles 1 and 2, but below the value for cure cycle 3. 
Figure 5.21 shows the progression of the glass transition temperature for cure cycle 4 of the 
TC275-1 resin.  Similar to the CYCOM 5320-1 resin, no change in glass transition temperature 
is observed until the start of the 107°C hold.  At this time the glass transition temperature 
increases at an approximately linear rate.  The rate of change increases during the final ramp 
stage with the glass transition temperature exceeding the oven temperature at the start of the final 
177°C hold.  The final predicted glass transition temperature is 207.6°C, lower than the 215.1°C 
value predicted for the CYCOM 5320-1 resin.  The addition of the super ambient stage for cure 
cycle 5 results in no changes in the progression of the glass transition temperature when 
compared to cure cycle 4.  Figure 5.22 shows that there is no change in the glass transition 
temperature during the super ambient stage and the final predicted value of 207.6°C matches the 
value from cure cycle 4. 
Figure 5.23 demonstrates that the progression of the glass transition temperature for cure 
cycle 6 follows the same pattern as cure cycle 4 until the final ramp stage.  For this cure cycle, 
the glass transition temperature exceeds the oven temperature before the final ramp stage is 
complete.  In addition, the higher 191°C cure temperature increases the final predicted glass 
transition temperature to 220.9°C.  Figure 5.24 shows the glass transition temperature 
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progression for the autoclave cure cycle.  The glass transition temperature begins to exceed the 
cure temperature near the end of the first hold period.  The final predicted value is 209.6°C. 
 
Figure 5.17 – CYCOM 5320-1 Cure Cycle 1 Glass Transition Temperature 
 




Figure 5.19 – CYCOM 5320-1 Cure Cycle 3 Glass Transition Temperature 
 




Figure 5.21 – TC275-1 Cure Cycle 4 Glass Transition Temperature 
 




Figure 5.23 – TC275-1 Cure Cycle 6 Glass Transition Temperature 
 




5.2 Modulated Differential Scanning Calorimetry (MDSC) 
MDSC testing was used to measure the degree of cure and the glass transition for each of 
the sample panels.  The results are provided in the following two sections. 
 
5.2.1 Degree of Cure 
The degree of cure was calculated using the non-reversing heat flow results from the MDSC 
tests.  The mass of the resin in the test specimen was required in order to perform this 
calculation.  Since the test specimens contained both fibers (non-reactive) and resin (reactive), 
the ratio of resin to fiber was needed.  The quality control sheets that were provided with the 
CYCOM 5320-1 prepreg stated the resin content varied between 36% and 38%.  The average 
value of 37% was used for the calculations.  The datasheet for the TC275-1 prepreg listed the 
resin content as 42±3%.  The value of 42% was used for the calculations.  For each specimen, 
the initial specimen mass measured by the Sartorius Cubis microbalance was multiplied by the 
resin content percentage to determine the reacting mass. 
The first step to determine the degree of cure of each specimen was to measure the total heat 
of reaction from uncured prepreg samples.  A typical graph showing the heat flow versus 
temperature for the CYCOM5320-1 prepreg is shown in Figure 5.25, and in Figure 5.26 for the 
TC275-1 resin.  A line was drawn connecting the baseline before the exothermic reaction to that 
after the reaction.  The TA Universal Analysis software integrated the area underneath the curve 
as a function of time to calculate the total heat of reaction.  Additionally, a tangent from the 
leading edge of the exothermic peak at the point of maximum rate of change was extended to the 
baseline.  The intersection of these two lines was recorded as the onset temperature.  The 




Figure 5.25 – 5320-1_Neat-2 Total Heat of Reaction 
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The results for the CYCOM 5320-1 and TC275-1 uncured prepregs are shown in Table 
5.1 and Table 5.2, respectively.  The average value for the 5320-1 prepreg was 532.2 J/g 
compared to only 371.5J/g for the TC275-1 prepreg.  The onset temperature of the CYCOM 
5320-1 prepreg was 162.55°C compared to 172.29°C for the TC275-1.  This indicates that a 
higher temperature is required to initiate the cure reaction for the TC275-1 resin system.  The 
peak temperature for the CYCOM 5320-1 prepreg was 222.63°C, slightly higher than the 
218.13°C peak for the TC275-1 prepreg. 















5320-1_Neat-1 511.2 162.89 222.84 14.870 5.502 
5320-1_Neat-2 541.5 162.59 222.48 16.980 6.283 
5320-1_Neat-3 543.9 162.17 222.56 15.800 5.846 
Average 532.2 162.55 222.63 - - 
Standard Deviation 18.2 0.36 0.19 - - 
Coefficient of Variation (%) 3.4 0.2 0.1 - - 
  














TC275_Neat-1 370.7 172.14 218.31 10.680 4.486 
TC275_Neat-2 378.6 172.86 218.11 9.120 3.830 
TC275_Neat-3 365.3 171.88 217.97 11.580 4.864 
Average 371.5 172.29 218.13 - - 
Standard Deviation 6.7 0.51 0.17 - - 
Coefficient of Variation (%) 1.8 0.3 0.1 - - 
 
 The heat of reaction for the cured test panels was measured and calculated using the same 
methodology as described above for the total heat of reaction of the uncured prepreg.  A typical 
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non-reversing heat flow graph is shown in Figure 5.27.  This graph is for CYCOM 5320-1 
specimen P9-1, which was produced at 65% humidity with a 30 minute hold time, and using cure 
cycle 1.  The value of the heat of reaction was 43.83J/g, which is a measurement of the energy 
required to react the uncured resin in the panel.  This can be compared to Figure 5.28 which 
shows the non-reversing heat flow for CYCOM 5320-1 specimen P7-1, which was produced at 
65% humidity with a 30 minute hold time, but using cure cycle 3 that had a higher final cure 
temperature.  In this case the heat of reaction is noticeably smaller with a value of 15.76J/g. 
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Figure 5.28 – 5320-1_P7-1 Heat of Reaction 
 
Figure 5.29 and Figure 5.30 show the non-reversing heat flow for TC275-1 specimen P4-
1 and P7-1, respectively.  These two panels were made using the same processing parameters as 
described above for CYCOM 5320-1 specimen P9-1 and P7-1.  Similar to the CYCOM 5320-1 
panels, the heat of reaction is smaller for the panel that was cured at a higher final temperature.  
For both TC275-1 specimens, the heat of reaction is lower when compared to the values from the 
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Figure 5.29 – TC275-1_P4-1 Heat of Reaction 
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The detailed heat of reaction results for each specimen are provided in Appendix A.  The 
heat of reaction results were averaged for the three specimens from each panel.  The degree of 
cure was then calculated by using equation 5.1, where H is the heat of reaction and Ht is the total 
heat of reaction.  The results for each panel are summarized in Table 5.3 and Table 5.4. 
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐶𝑢𝑟𝑒 = (1 − (
𝐻
𝐻𝑡
)) × 100                                        (5.1) 

















5320-1_P2 43.71 91.8 93.20 50 0.5 1 
5320-1_P3 37.76 92.9 93.20 80 0.5 1 
5320-1_P4 46.50 91.3 93.20 65 4 1 
5320-1_P5 48.66 90.9 93.20 65 24 1 
5320-1_P6 41.37 92.2 93.20 65 0.5 2 
5320-1_P7 16.22 97.0 99.90 65 0.5 3 
5320-1_P8 22.70 95.7 94.90 65 - Autoclave 
5320-1_P9 43.45 91.8 93.20 65 0.5 1 
 

















TC275_P1 26.14 93.0 91.2 65 24 4 
TC275_P2 23.25 93.7 91.2 65 4 4 
TC275_P3 12.91 96.5 92.0 65 - Autoclave 
TC275_P4 21.66 94.2 91.2 65 0.5 4 
TC275_P5 21.95 94.1 91.2 50 0.5 4 
TC275_P6 20.41 94.5 91.2 80 0.5 4 
TC275_P7 8.74 97.6 96.5 65 0.5 6 
TC275_P8 23.74 93.6 91.2 65 0.5 5 
 
The MDSC results show that for both material systems the degree of cure was increased 
when a final higher cure temperature was employed.  For CYCOM 5320-1, the degree of cure 
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reached 97.0% and for TC275-1 it reached 97.6%.  Similarly, the autoclave cure also increased 
the degree of cure for both material systems, with values of 95.7% and 96.5% for the CYCOM 
5320-1 and TC275-1 resins, respectively.  The remaining specimens showed a small variation in 
results.  The CYCOM 5320-1 panels varied between 90.9% and 92.9%, while the TC275-1 
panels varied between 93.0% and 94.5%.  These small differences can likely be attributed to 
normal variations in the control of the processing parameters including things such as resin 
content and oven temperature. 
It should be noted that the predictions for the final degree of cure from the cure kinetic 
models used in RAVEN did vary somewhat from the test data.  In the case of the CYCOM 5320-
1 panels, RAVEN over predicted the degree of cure for all of the panels except for the autoclave-
cured version.  For the TC275-1 panels, RAVEN under predicted the degree of cure for all of the 
panels.  The exact cause of these variations is unknown at this time, although it is possible that 
variability in the resin batches could be responsible.  However, RAVEN did correctly predict the 
trends in the data.  The degree of cure increased as the final curing temperature was increased. 
 
5.2.2 Glass Transition Temperature 
The glass transition temperature was calculated using the reversing heat flow results from 
the MDSC tests.  Figure 5.31 shows a typical graph where the reversing heat flow was charted 
on the Y-axis and the temperature on the X-axis.  The glass transition was indicated by a 
sigmoidal step change in the reversing heat flow signal.  The TA Universal Analysis software 
was used to create a tangent to the baseline before the glass transition.  This tangent line was 
then extended to higher temperatures.  A tangent to the baseline was then created after the glass 
transition and was extended to lower temperatures.  Finally, a tangent was created at the point of 
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maximum slope in the midst of the glass transition, and was extended so it intersected with the 
two baseline tangents.  The intersection points with the baseline before and after the glass 
transition are the extrapolated onset temperature (Tf) and extrapolated end temperature (Te), 
respectively.  The glass transition temperature (Tg) is reported at the inflection point between 
these two points. 
 
Figure 5.31 – Typical Glass Transition Graph 
Figure 5.32 shows the glass transition for CYCOM 5320-1 specimen P9-1.  This specimen 
was manufactured at 65% humidity with a 30 minute hold time, and using cure cycle 1.  The 
measured glass transition temperature was 205.56°C.  Figure 5.33 shows the results for CYCOM 
5320-1 specimen P7-1.  This specimen was also manufactured at 65% humidity with a 30 minute 
hold time, but was cured at a higher final temperature.  The glass transition shifted to the right, 
























170 180 190 200 210 220 230 240
Temperature (°C)
Sample: 5320-1_P9-1
Size:  6.0380 mg
Method: Conventional MDSC




Run Date: 27-Sep-2017 18:56
Instrument: DSC Q2000 V24.4 Build 116




Figure 5.32 – 5320-1_P9-1 Glass Transition 
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Figure 5.34 shows the glass transition for TC275-1 specimen P4-1.  This specimen was 
manufactured at 65% humidity with a 30 minute hold time, and using cure cycle 4.  The close-up 
in Figure 5.35 shows that there are two sigmoidal steps in the data.  This is typical for resins that 
have been blended and was observed in all of the TC275-1 samples.  The reported glass 
transition temperatures in this report correspond to the first sigmoidal step.  For specimen P4-1 
the measured glass transition temperature was 195.50°C.  Figure 5.36 was also manufactured at 
65% humidity and with a 30 minute hold time, but was cured with a higher final temperature.  
Similarly to the CYCOM 5320-1 specimens shown above, the glass transition was shifted to the 
right resulting in a measured value of 201.74°C. 
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Figure 5.35 – TC275-1_P4-1 Glass Transition Close-up 
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The details of the glass transition results for each specimen are provided in Appendix B.  
The glass transition temperature results were averaged for the three specimens from each panel.  
The results for each panel are summarized in Table 5.5 and Table 5.6. 













5320-1_P2 204.98 215.10 50 0.5 1 
5320-1_P3 206.71 215.10 80 0.5 1 
5320-1_P4 199.25 215.10 65 4 1 
5320-1_P5 205.26 215.10 65 24 1 
5320-1_P6 203.59 215.10 65 0.5 2 
5320-1_P7 218.27 234.80 65 0.5 3 
5320-1_P8 216.95 220.00 65 - Autoclave 
5320-1_P9 207.12 215.10 65 0.5 1 
 













TC275_P1 193.14 207.6 65 24 4 
TC275_P2 193.88 207.6 65 4 4 
TC275_P3 199.91 209.6 65 - Autoclave 
TC275_P4 195.20 207.6 65 0.5 4 
TC275_P5 193.65 207.6 50 0.5 4 
TC275_P6 192.70 207.6 80 0.5 4 
TC275_P7 201.81 220.9 65 0.5 6 
TC275_P8 193.98 207.6 65 0.5 5 
 
The MDSC results show that for both material systems, the glass transition temperature 
increased when a final higher cure temperature was employed.  For CYCOM 5320-1 the 
maximum glass transition temperature was 218.27°C, and for TC275-1 it reached 201.81°C.  For 
both material systems the autoclave cure panels nearly reached the maximum glass transition 
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temperatures measured for the VBO laminates, despite only having a slightly elevated final 
curing temperature.  The measured values were 216.95°C and 199.91°C for the CYCOM 5320-1 
and TC275-1, respectively.  The remaining CYCOM 5320-1 specimens showed a relatively 
small variation, between 203.59°C and 207.12°C, with one exception.   In the case of laminate 
P4, a single specimen recorded a glass transition temperature of only 191.73°C, lowering the 
average to 199.25°C.  It is unknown why this particular specimen had such a low result.  A 
second sigmoidal step was observed at a higher temperature for this specimen.  It is believed that 
this result was an outlier, and that the results for panel P4 are consistent with the other panels. 
The remaining TC275-1 panels varied between 192.70°C and 195.20°C.  These small 
differences can likely be attributed to normal variations in the control of the processing 
parameters such as oven temperature control. 
The cure kinetic models used in RAVEN over predicted the glass transition temperature 
values when compared to the test data for both material systems.  The autoclave cure results 
were the closest to the predicted values.  It is possible that heating rates of the tool could be 
affecting the results.  The temperature of the tools were not measured during the OOA cure 
cycles and there may have been some lag in the rise in temperature of the tool compared to the 
oven temperature that may have lowered the glass transition temperature results.   However, the 
trends that were predicted by the RAVEN software were correct.  The glass transition 
temperature increased as the final curing temperature was increased. 
 
5.3 Void Content 
As discussed in Section 4.5, optical microscopy was used to calculate the void content for 
each of the specimens.  Two specimens were examined for each panel: specimen A was aligned 
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parallel to the 0 degree fiber orientation, while specimen B was aligned at 90 degrees to the fiber 
orientation.  Figure 5.37 shows a typical picture for the CYCOM 5320-1 specimens.  In 
particular it shows the results for specimen 5320_P2_A.  Figure 5.38 shows close-up images of 
the same specimen where the voids are encircled. 
 
Figure 5.37 – Void Content Specimen 5320_P2_A 
 
 
Figure 5.38 – Void Content Specimen 5320_P2_A Close-Ups 
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Voids between the plies (interlaminar) and within the resin rich regions were observed for 
the CYCOM 5320-1 specimens.  The one exception was the autoclave-cured specimens (5320-
1_P8).  In these specimens, shown in Figure 5.39 and Figure 5.40, fiber tow voids can also be 
observed.  These types of voids occur within the fiber bundles.  A close-up of the fiber tow voids 
is shown in Figure 5.41.  OOA prepregs are designed with resin rich areas and dry fabric areas to 
allow for gas removal during vacuum-bag-only processing.  It is likely that the high pressure 
from the autoclave compacted the fiber bed and prevented the resin from flowing into all of the 
dry fiber regions. 
 





Figure 5.40 – Void Content Specimen 5320_P8_A Close Ups 
 
Figure 5.41 – Fiber Tow Voids 
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With the exception of the autoclave-cured specimens, none of the TC275-1 specimens 
displayed any voids.  Figure 5.42 shows a picture of the stitched image for TC275_P5_A, while 
Figure 5.43 shows close-up images where no voids are observed.  A picture of autoclave-cured 
specimen TC275_P3_A is shown in Figure 5.44, with close-ups shown in Figure 5.45.  Similar 
to the autoclave-cured CYCOM 5320-1 specimens, interlaminar and resin voids were observed, 
along with fiber tow voids. 
 
Figure 5.42 – Void Content Specimen TC275_P5_A 
 





Figure 5.44 – Void Content Specimen TC275_P3_A – Autoclave-Cured 
 
Figure 5.45 – Void Content Specimen TC275_P3_A Close-Ups 
The voids in each specimen were identified manually and then encircled using the spline 
tool in the Zen Blue software.  It should be noted that delaminations and cracks at the end of the 
specimens caused by machining were not included as voids within these calculations. 
The void content of each specimen was calculated by summing the areas of the individual 
voids and dividing by the total specimen area.  For the autoclave-cured panels, the fiber tow 
voids were numerous and small.  For these specimens the total fiber tow voids were measured in 
a smaller area of the specimen and then extrapolated to the total specimen area.  Table 5.7 shows 
a listing of the total void area, specimen area, and void content for each CYCOM 5320-1 
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specimen.  It also includes the average void content for each panel.  Table 5.8 provides the same 
information for the TC275-1 specimens. 
Table 5.7 – CYCOM 5320-1 Void Content Summary 
Specimen 








Void Content (%) Average Void Content (%) 
5320_P2_A 149026 132380993 0.113 
0.144 
5320_P2_B 251370 142787413 0.176 
5320_P3_A 1438343 135851859 1.059 
1.022 
5320_P3_B 1412880 143506051 0.985 
5320_P4_A 392603 128586482 0.305 
0.257 
5320_P4_B 302778 144867224 0.209 
5320_P5_A 115261 129381924 0.089 
0.045 
5320_P5_B 0 142007512 0.000 
5320_P6_A 670516 132368432 0.507 
0.547 
5320_P6_B 867400 147779101 0.587 
5320_P7_A 660806 127400034 0.519 
0.430 
5320_P7_B 500991 147136630 0.340 
5320_P8_A  1042768  132653574 0.786 
0.746 
5320_P8_B  1044692 148158403  0.705 
5320_P9_A 909232 127930893 0.711 
0.523 












Table 5.8 –TC275-1 Void Content Summary 







Void Content (%) Average Void Content (%) 
TC275_P1_A 0 84476897 0.000 
0.000 
TC275_P1_B 0 94336914 0.000 
TC275_P2_A 0 83985381 0.000 
0.000 
TC275_P2_B 0 93202389 0.000 
TC275_P3_A 345512 86053177 0.402 
0.428 
TC275_P3_B 426539 94048986 0.454 
TC275_P4_A 0 84285675 0.000 
0.000 
TC275-P4_B 0 90998240 0.000 
TC275_P5_A 0 82406591 0.000 
0.000 
TC275_P5_B 0 91513777 0.000 
TC275_P6_A 0 81853161 0.000 
0.000 
TC275_T6_B 0 90341216 0.000 
TC275_T7_A 0 81485675 0.000 
0.000 
TC275_P7_B 0 92983897 0.000 
TC275_P8_A 0 83982099 0.000 
0.000 
TC275_P8_B 0 92771827 0.000 
 
The first observation about the data is the fact that the void contents for all of the specimens 
are low.  The maximum allowable void content is usually set at 2% for most aerospace-grade 
laminates [41].  For these samples the maximum measured void content was just above 1%, and 
in most cases the void content was much less than 1%. 
A second observation is that the TC275-1 specimens all had 0% void content, with the 
exception of the autoclave-cured panel.  This is in contrast to the CYCOM 5320-1 specimens 
where measurable voids were detected.  The time for entrapped air and volatiles to escape the 
laminate was compared for the two resin systems by examining the cure kinetic predictions from 
the RAVEN software.  Figure 5.9 through Figure 5.15 show that the degree of cure develops 
more rapidly for the TC275-1 resin compared to the CYCOM 5320-1 resin.  This indicates less 
time for the entrapped air and volatiles to escape for the TC275-1 prepreg and increases the 
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likelihood of void development.  Since the TC275-1 laminates had less voids, there must be 
other causes. 
One possible explanation is the difference in the weave pattern of the fabrics.  The CYCOM 
5320-1 fabric was an eight-harness satin fabric with an areal weight of approximately 370g/m
2
, 
while the TC275-1 was a 2x2 twill with an areal weight of 193g/m
2
.  Kratz and Hubert examined 
the air permeability of CYCOM 5320 plain weave and five-harness fabrics [50].  They found that 
the effective in-plane air permeability coefficients were alike for the two weave patterns, but that 
the plain weave fabric had effective transverse air permeability values four times larger than the 
five-harness.  It should be noted though, that the transverse air permeability values were two 
orders of magnitude lower than the in-plane permeability values.  Future work should examine 
the in-plane permeability of the 2x2 twill pattern compared to the eight-harness fabric to 
determine if this was the cause of the difference in void content. 
As stated previously, the autoclave-cured panels for both material systems had a higher void 
content than the oven-cured panels made under the same conditions.  It was initially wrongly 
assumed that the autoclave-cured panels would have very low void contents.  Kratz and Hubert 
provide a likely explanation for the unexpected result [50].  They state that if higher 
consolidation pressure than vacuum is applied to a VBO prepreg, such as positive pressure in an 
autoclave, the dry tow area may decrease.  They continue by stating that if the dry tow area of 
the VBO prepregs is lowered, then the effective in-plane air permeability would most likely 
decrease.  In the case of this experiment, it is likely that the high pressure in the autoclave 
compacted the fabric plies, resulting in a reduction of the dry fiber area within the panel.  The 
compaction made it more difficult for the resin to flow in between the dry fiber tows, resulting in 
fiber tow voids.  Additionally, the reduction in dry fiber area decreased the in-plane permeability 
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of the laminate and prevented entrapped air and volatiles from escaping, resulting in interlaminar 
and resin voids. 
Additionally, the cure kinetics model predicted a rapid increase in viscosity for the 
autoclave cure cycle for the TC275-1 prepreg.  The maximum viscosity was predicted to be 
reached after 138 minutes for the autoclave cure compared to 172 minutes for OOA cure cycle 4.  
This decrease in the time before gelation allows less time for air and volatiles to escape, and was 
likely a contributing factor in the voids that were observed for the TC275-1 autoclave-cured 
laminate. 
Some trends in the void content values appear when examining the CYCOM 5320-1 results.  
The thickness of the laminates generally increased as the void content increased as shown in 
Figure 5.46.  This is logical given that voids take up space within the laminate.  For a given 
specimen width, the inclusion of voids would have to increase the thickness of the laminate.  It 
should be noted that the change in thickness for these panels was less than 0.1mm given the low 
void content levels.  It is expected that this trend between thickness and void content would be 




Figure 5.46 – Void Content Compared to Thickness – CYCOM 5320-1 
Figure 5.47 shows the void content levels for three panels with changing humidity levels.  
All three panels had a 0.5 hour debulk time and were cured using cycle 1.  The graph shows that 
the void content level increased linearly as the humidity level was increased.  There was some 
variability in the void content levels measured for the 65% humidity specimens, which results in 
some uncertainty of the exact mathematical relationship between void content and humidity.  
However, it is clear that void content increased with humidity levels.  This trend agrees with the 
work by Gruenfelder and Nutt who predicted an increase in void content with increasing 
humidity levels, although they predicted an exponential relationship [44]. 
y = 12.55x - 38.058 
























Figure 5.47 – Void Content with Changing Humidity – CYCOM 5320-1 
 A trend in the void content compared to the debulk time was also observed.  Figure 5.48 
shows the void content levels for three panels with changing debulk times.  All three panels were 
manufactured using prepreg that was conditioned to 65% humidity and were cured using cycle 1.  
The graph shows that the void content levels decreased logarithmically with increasing debulk 
time.  The relationship that was found was 𝑦 = −0.124 ln(𝑥) + 0.4348, where y is the void 
content and x is time in hours.  A debulk time of 24 hours for this particular prepreg system and 
panel size resulted in very low void content levels (less than 0.1%).  However, care must be 
taken not to presume this debulk time is sufficient for all layups and components.  As discussed 
in Section 2.4.2, Arafath et al. found that evacuation time increased linearly with air viscosity, 
quadratically with part length, and decreased linearly with fiber bed permeability [38].  A larger 
y = 0.0292x - 1.3378 























part, or one with a more complex layup that decreases in-plane permeability, could require even 
longer debulk times to achieve a similar void content level. 
 
Figure 5.48 – Void Content with Changing Debulk Time – CYCOM 5320-1 
Specimens 5320_P7_A and 5320_P7_B were produced from the panel that was cured using 
cycle 3, with a higher final cure temperature of 191°C.  When compared to the sample cured at a 
final cure temperature of 177°C (5320_P9), no discernable difference was found in the void 
content results.  Panel 5320_P6 was cured using cycle 2 that did not include a super ambient 
stage at the beginning of the cycle.  Interestingly, no discernable difference was observed in the 
void content when compared to the sample that included the super ambient stage (5320_P9).  It 
is unclear why the super ambient stage did not reduce void content for this particular application, 
and should be researched further in the future. 
y = -0.124ln(x) + 0.4348 



























Outgassing testing was performed according to ASTM E595 [49].  Three specimens, each 
with an approximate mass of 170mg to 215mg, were tested from each panel.  Total mass loss 
(TML) was calculated by equation 5.2, while the collected volatile condensable materials 
(CVCM) percentage was calculated by equation 5.3.  The results for the individual specimens are 




× 100                                                           (5.2) 
Where SI = Initial specimen mass 




× 100                                                           (5.3) 
Where CF = Final mass of collector plate and condensables 
CI = Initial mass of collector plate 
SI = Initial specimen mass 
 
Table 5.9 compares the results of the two prepreg systems for similar processing 
parameters.  It should be noted that cure cycle 2 for the CYCOM 5320-1 panel did not have a 
super ambient stage, while cure cycle 5 for the TC275-1 panel included a super ambient stage.  
ASTM E595 states that historically, TML of 1.00% and CVCM of 0.10% have been used as 
screening levels for rejection of spacecraft materials.  These same levels are specified as the 
upper limits in the CubeSat Design Specification [51].  It is important to note that all of the 
panels for both material systems were below these specified levels.   
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It was also observed that when comparing the two material systems with similar processing 
parameters, the CYCOM 5320-1 always had lower TML and CVCM values.  This is an 
interesting observation since the CYCOM 5320-1 panels had higher void content levels.  This 
indicates that there is not a direct relationship between void content and TML and CVCM, at 
least not at low void content levels. 
Table 5.9 – CYCOM 5320-1 and TC275-1 Outgassing Results 
    









5320-1 TC275-1 5320-1 TC275-1 
50 0.5 1/4 177 0.451 0.552 0.009 0.038 
65 0.5 1/4 177 0.505 0.585 0.007 0.041 
80 0.5 1/4 177 0.468 0.602 0.011 0.045 
65 4 1/4 177 0.399 0.618 0.009 0.041 
65 24 1/4 177 0.523 0.620 0.010 0.016 
65 0.5 2/5 177 0.568 0.615 0.004 0.019 
65 0.5 3/6 191 0.563 0.667 0.013 0.022 
65 0 Autoclave 179 0.607 0.639 0.014 0.032 
 
The water vapor regained (WVR) percentage was calculated by equation 5.4.  The results 




× 100                                                           (5.4) 
Where SF’ = Reconditioned mass of specimen after 24 hours at 50% relative humidity 
SF = Final specimen mass 
SI = Initial specimen mass 
 
Table 5.10 compares the WVR to the TML for each of the material systems.  The WVR is 
an indicator of how much of the mass loss was attributable to moisture.  Although there is 
variability in the data, more than half of the total mass loss can be attributed to moisture, and in 
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many cases, the percentage is much higher.  As stated in previous research [31] [32], moisture 
content was a primary driver in the outgassing of the composite laminates. 
Table 5.10 – TML Compared to WVR 


















50 0.5 1/4 177 0.451 0.476 0.552 0.420 
65 0.5 1/4 177 0.505 0.229 0.585 0.494 
80 0.5 1/4 177 0.468 0.565 0.602 0.461 
65 4 1/4 177 0.399 0.545 0.618 0.483 
65 24 1/4 177 0.523 0.256 0.620 0.371 
65 0.5 2/5 177 0.568 0.287 0.615 0.690 
65 0.5 3/6 191 0.563 0.292 0.667 0.709 
65 0 Autoclave 179 0.607 0.307 0.639 0.511 
 
The collected volatile condensable material from each of the panels was examined using 
FTIR.  The testing and interpretation of the FTIR results was performed by Integrity Testing 
Laboratory (ITL).  The FTIR results on the CVCM for both prepregs showed very weak infrared 
bands and intensities, indicating there was only a small amount of CVCM.  For the CYCOM 
5320-1 prepreg, clear spectra were observed only for panels 2, 7, and 8.  The signals were too 
weak from the other panels to make a determination regarding which compounds were present.  
The spectra for panels 2, 7, and 8 were all very similar.  A typical spectrum of the CVCM from 
the CYCOM 5320-1 resin is shown in Figure 5.49, where the abscissa axis is wave number and 
the ordinate axis is percent transmittance.  This was compared to the spectrum from the original 
CYCOM 5320-1 panels shown in Figure 5.50.  The technicians at ITL concluded that the CVCM 




Figure 5.49 – FTIR Analysis of CVCM from CYCOM 5320_P2 
 
Figure 5.50 – FTIR Analysis of Original CYCOM 5320-1 Material 
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For the TC275-1 prepreg, clear spectra were observed only for panels 2, 4, 5, and 8.  The 
signal was too weak for the other panels to determine what compounds were present.  The results 
for panels 2, 4, 5, and 8 were all similar.  A typical spectrum of the CVCM from the TC275-1 
resin is shown in Figure 5.51.  This was compared to the spectrum from the original TC275-1 
panels shown in Figure 5.52.  The CVCM of these samples was characterized as low molecular 





 and a less intense reading at 1608cm
-1
.  The C-O stretch bond appeared as 
two bands: a broad band with a maximum near 1247cm
-1
 and a narrow and slightly weaker band 
with a maximum near 1183cm
-1
.  The out-of-plane C-H wag signal was observed at 831cm
-1
.  It 
is important to note that for both the CYCOM 5320-1 and TC275-1 materials, the CVCM’s were 
products of the epoxy chemistry. 
 




Figure 5.52 – FTIR Analysis of Original TC275-1 Material 
Figure 5.53 and Figure 5.54 show how the TML varied with processing humidity levels for 
the CYCOM 5320-1 and TC275-1 panels, respectively.  For the CYCOM 5320-1 prepreg there 
does not appear to be any correlation between humidity levels and the TML.  For the TC275-1 
prepreg the TML increased approximately linearly with increasing humidity levels.  However, 
the scatter within the data is quite large compared to the change in TML, so it is difficult to 
conclude if this trend would be observed across a larger sample size.  The WVR testing 
discussed previously demonstrated that water was the primary compound that was outgassed.  
Since there is no clear trend with the processing humidity level, the moisture that was outgassed 




Figure 5.53 – CYCOM 5320-1 Total Mass Loss with Changing Humidity 
 


































0.5 Hour Debulk Time
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Figure 5.55 and Figure 5.56 show how the CVCM varied with processing humidity levels 
for the two material systems.  For the CYCOM 5320-1 prepreg no correlation was observed 
between the processing humidity levels and the CVCM.  For the TC275-1 prepreg the CVCM 
increased approximately linearly with increasing humidity levels, but the scatter within the data 
was very high.  Based on the FTIR results it is not surprising that the CVCM did not correlate to 
the processing humidity levels.  The FTIR only detected epoxy oligomer compounds, no water 
vapor was observed.  Therefore, no correlation with processing humidity would be expected. 
 
























Figure 5.56 – TC275-1 CVCM with Changing Humidity 
Figure 5.57 and Figure 5.58 show how the TML varied with debulk times for the CYCOM 
5320-1 and TC275-1 panels, respectively.  There appears to be no correlation between debulk 
times and TML for either of the material systems.  As discussed above, if the TML is primarily 
dependent on the humidity saturation after processing, then the debulk time is unlikely to have 





















Figure 5.57 – CYCOM 5320-1 Total Mass Loss with Changing Debulk Time 
 





































Figure 5.59 and Figure 5.60 show how the CVCM varied with debulk times for the two 
material systems.  For the CYCOM 5320-1 prepreg the CVCM surprisingly increased with 
debulk time.  However, the scatter in the data is very large.  The TC275-1 prepreg saw the 
CVCM levels stay almost constant for the 0.5 hour and 4 hour debulk times, and then decrease 
dramatically for the 24 hour debulk time.  However, once again the scatter in the data is quite 
large.  The FTIR testing showed that the primary CVCM compound was epoxy oligomers that 
are dependent on the resin chemistry.  Since longer debulk times help to remove entrapped air 
and moisture which were not observed in the CVCM specimens, it is unlikely that debulk times 
would affect the CVCM levels. 
In Section 5.3 a clear correlation was shown between debulk time and void content for the 
CYCOM 5320-1 material system.  The void content decreased logarithmically with increasing 
debulk time.  Since no correlation between debulk time and TML and CVCM levels was 




Figure 5.59 – CYCOM 5320-1 CVCM with Changing Debulk Time 
 







































It was theorized in Chapter 3 that the amount of outgassed volatile gases could be reduced 
by increasing the final degree of cure.  The final degree of cure was increased by increasing the 
final curing temperature.  Figure 5.61 shows the CVCM results compared to final curing 
temperature for both material systems at 65% humidity levels and a 0.5 hour debulk time.  The 
CVCM levels increased with an increase in final curing temperature for the CYCOM 5320-1 
prepreg.  The CVCM levels decreased with an increase in the final curing temperature for the 
TC275-1 prepreg.  The FTIR results showed that the CVCM was primarily epoxy oligomers.  
These compounds could potentially be related to the degree of cure, but the results are not clear.  
Further testing with additional specimens and curing temperatures should be conducted to 
determine if there is a relationship between degree of cure and the CVCM level. 
 





















In most cases the VBO processed panels exceeded the outgassing performance of the 
autoclave-cured panels.  For the CYCOM 5320-1 prepreg, the autoclave panel (CYCOM 
5320_P8) had the highest levels of TML and CVCM.  For the TC275-1 prepreg, the autoclave 
panel (TC275_P3) had the second highest level of TML and fourth highest level of CVCM.  
From these data it can be concluded that the VBO processed panels matched or exceeded the 
performance of the autoclave processed panels. 
As discussed previously, these materials were designed specifically for VBO processing and 
may not have been ideally suited for processing in an autoclave.  The data can also be compared 
to the results from Shin et al. who examined the E595 performance of an autoclave-cured 
graphite/epoxy laminate (HFG CU-125-NS) [31].  The authors found a TML value of 0.330% 
which is slightly better performance than the VBO materials tested in this project.  The CVCM 
value was not reported by the authors. 
The VBO results from this study also compare well with the data included in NASA’s 
database of outgassing properties [52].  Exact comparisons are difficult because the database 
does not always include the exact processing details, but most of the laminates have TML values 






This chapter summarizes the work that was performed during the course of this project.  
This includes a synopsis of the testing that was performed, as well as a discussion on the results 
and conclusions that were drawn.  Finally, recommended topics for further research are 
presented. 
 
6.1 Summary of Testing 
This project investigated void development and outgassing performance of out-of-autoclave 
vacuum-bag-only processed laminates for use in small satellite applications.  Two carbon fiber 
reinforced epoxy prepreg systems were examined: CYCOM 5320-1 and TC275-1.  Eight-ply 
quasi-isotropic panels measuring 41cm x 41cm were manufactured with a layup of [0/+45/90/-
45]S.  The humidity level, debulk time prior to curing, and cure cycle parameters were varied 
during the processing. 
RAVEN cure kinetics modelling software was used to predict the viscosity, degree of cure, 
and glass transition profiles during the curing process.  Modified differential scanning 
calorimetry was performed on the manufactured panels to confirm the degree of cure and glass 
transition temperature values.  Optical microscopy was then used to examine and measure the 
void content within the laminates.  Following the microscopy examination, outgassing testing 
was performed according to ASTM E595.  Specimens were held for 24 hours in a chamber that 
was heated to 125°C with an applied vacuum level of 1.3x10
-4
Pa.  Total mass loss, collected 
volatile condensable material, and water vapor regained were measured for each specimen.  
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Fourier transform infrared spectroscopy was then used to identify the condensed outgassed 
products.  Finally, the results were compared to the performance of autoclave-cured specimens. 
 
6.2 Summary of Results and Findings 
1. Degree of cure and glass transition temperature increased with increasing cure 
temperature. 
Cure kinetics modelling using RAVEN software predicted that the degree of cure would 
increase as the final curing temperature was increased.  This was proven true from the MDSC 
testing which showed significant increases in the degree of cure values for both material systems 
when the final curing temperature was increased. 
Similarly, the RAVEN software predicted an increase in the glass transition temperature as 
the final curing temperature was increased.  The MDSC results showed that the predictions from 
the cure kinetics models over-predicted the glass transition temperatures for both material 
systems.  Lag in the heating rates of the tool is one possible explanation for these results.  
Despite the differences, the predicted trend from the software was correct; the glass transition 
temperature increased as the final curing temperature was increased. 
It should also be noted that the glass transition temperatures were high enough to withstand 
typical temperatures experienced by small satellites in Earth orbit.  For example, the Long 
Duration Exposure Facility experienced maximum temperatures of approximately 73°C [32], 





2. Differences in the permeability of the two weave patterns may have contributed to the 
difference in void content level between the two material systems. 
The void content for all of the panels was well below the maximum allowable void content 
of 2% suggested by the CMH-17 Composite Materials Handbook.  Measurable voids were 
detected in all of the CYCOM 5320-1 panels, while only the autoclave-cured panel displayed 
voids for the TC275-1 prepreg.  The permeability of the 2x2 twill weave for the TC275-1 panels 
may have been higher than the permeability of the eight-harness fabric for the CYCOM 5320-1 
panels, resulting in the difference in void contents between the two material systems.  Further 
testing is required to verify this hypothesis. 
 
3. Fiber tow voids in the autoclave-cured panels were likely due to compaction of the fiber 
bed under the high pressure that prevented the resin from flowing into the dry fiber 
regions. 
Interlaminar and resin voids were observed in both the VBO and autoclave-cured panels, 
while fiber tow voids were only present for the autoclave-cured panels.  Likely, the high pressure 
from the autoclave compacted the fiber bed, reducing permeability, and preventing resin from 
flowing into the dry fiber regions. 
 
4. Void content in the CYCOM 5320-1 panels increased linearly with increasing processing 
humidity levels and decreased logarithmically with increasing debulk time before cure. 
Void content in the CYCOM 5320-1 panels was observed to increase linearly with 
increasing humidity levels. At 50% humidity levels the void content was only 0.144%, but 
increased to 1.022% at a humidity level of 80%.  For the CYCOM 5320-1 panels void content 
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levels decreased logarithmically with increasing debulk time before cure.  A 0.5 hour debulk 
time had a void content of 0.523%, compared to only 0.045% for a 24 hour debulk time. 
 
5. The inclusion of a super ambient cure stage, and increasing the final cure temperature, 
did not have any appreciable effect on the void content. 
The super ambient cure stage did not have any appreciable effect on the void content.  
Additionally, no discernable difference was found in the void content results for panels cured at a 
higher final cure temperature. 
 
6. There was no direct relationship between void content and outgassing performance. 
Historically, TML of 1.00% and CVCM of 0.10% have been used as screening levels for 
rejection of spacecraft material.  The results from all of the panels were below these criteria.  The 
CYCOM 5320-1 panels had lower TML and CVCM values than the TC275-1 panels when 
manufactured using the same parameters.  In contrast, the CYCOM 5320-1 panels had higher 
void content levels than the TC275-1 panels.  This indicates that there is not a direct relationship 
between void content and outgassing performance, at least not at low void content levels. 
 
7. Outgassed moisture was probably due to saturation after manufacturing was completed. 
When examining the WVR results, more than half of the total mass loss was attributable to 
moisture, and in many cases the percentage was much higher.  This result agreed with previous 
research that indicated moisture content was a primary driver in the outgassing of composite 
laminates.  No clear trend was found relating the processing humidity or debulk time to the TML 
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levels, so it was concluded that the outgassed moisture must have come from saturation after 
manufacturing was completed. 
 
8. Processing humidity and debulk time did not affect the CVCM values.  
Epoxy oligomers were detected by the FTIR scans of the CVCM for both the CYCOM 
5320-1 and TC275-1 materials.  It is not surprising that the CVCM did not correlate to the 
processing humidity levels since no water was detected.  Additionally the debulk times did not 
affect the CVCM levels, which is logical since longer debulk times help to remove entrapped air 
and moisture which were not observed in the FTIR scans.  
 
9. VBO processing is capable of producing composite primary structures for small satellites 
that have outgassing performance equivalent to autoclave-cured components. 
The TML and CVCM levels for the VBO processed panels compared favorably with the 
results from the autoclave-cured panels.  Additionally, the results were comparable to autoclave 
carbon/epoxy laminates that were found in the literature and in NASA’s database of outgassing 
properties. 
 
6.3 Final Conclusions 
This work has aided in demonstrating the suitability of out-of-autoclave vacuum-bag-only 
carbon/epoxy laminates as a low-cost alternative for the primary structures of small satellites.  
Processing humidity levels and the length of pre-cure dwell times had no discernable effect on 
the TML and CVCM outgassing test results.  Instead, the outgassing results were controlled by 
moisture saturation after manufacturing and the resin chemistry.  This means that a humidity 
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controlled chamber with narrow operating windows is not required during layup.  It also means 
that long pre-cure dwell times are not required, shortening the cycle time for each component.  
This in turn helps to keep manufacturing costs low. 
Care must still be taken when producing parts using VBO processing as humidity levels and 
dwell times affected the void content for the CYCOM 5320-1 laminates.  This in turn can have 
an effect on the mechanical properties of the system.  The proper choice of fabric weave may be 
one method of reducing the voids caused by these factors. 
Additionally, the outgassing performance of the VBO laminates was comparable to the 
autoclave-cured laminates.  This eliminates the need for an autoclave and the associated capital 
and operational costs.  It also allows for the use of lower cost tooling that does not have to be 
designed and built to withstand the high pressures of an autoclave.  Finally, the use of an epoxy 
resin provides a less expensive alternative than a cyanate ester resin that has traditionally been 
used for low outgassing structures. 
 
6.4 Future Research 
The findings from this project have opened areas for further investigation.  Due to the 
limited amount of data, it was unclear if there was a relationship between the degree of cure and 
the CVCM levels.  Additional specimens should be tested at a number of final curing 
temperatures to increase the available data. 
Another area that requires further investigation is the effect of the fabric weave pattern on 
the permeability of the laminate and how this effects the formation of voids in the cured 
component.  On a related note, further examination of void creation is required for laminates that 
include core structures, and contain mid-laminate ply drop-offs. 
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The initial results from this project comparing the outgassing performance of VBO 
processed laminates to autoclave-cured laminates were positive.  However, further work that 
examines these laminates in the space environment is needed.  This includes studies that examine 

















Degree of Cure Results 
 
Appendix Table 1 – CYCOM 5320-1 Individual Heat of Reaction Results 
Specimen 
Name 






5320-1_P2-1 40.71 14.670 5.4280 
5320-1_P2-2 48.03 13.490 4.9910 
5320-1_P2-3 42.38 15.810 5.8500 
5320-1_P3-1 39.09 13.210 4.8880 
5320-1_P3-2 38.70 14.950 5.5320 
5320-1_P3-3 35.49 15.840 5.8610 
5320-1_P4-1 45.56 15.720 5.816 
5320-1_P4-2 43.77 17.460 6.460 
5320-1_P4-3 50.18 17.440 6.453 
5320-1_P5-1 48.92 15.900 5.883 
5320-1_P5-2 49.88 17.300 6.401 
5320-1_P5-3 47.17 17.260 6.386 
5320-1_P6-1 41.57 18.130 6.708 
5320-1_P6-2 40.73 16.750 6.198 
5320-1_P6-3 41.81 17.290 6.397 
5320-1_P7-1 15.76 13.550 5.014 
5320-1_P7-2 16.26 16.530 6.116 
5320-1_P7-3 16.63 15.970 5.910 
5320-1_P8-1 22.68 15.090 5.583 
5320-1_P8-2 22.96 16.560 6.127 
5320-1_P8-3 22.45 15.940 5.898 
5320-1_P9-1 43.83 16.320 6.038 
5320-1_P9-2 43.09 14.360 5.313 






Appendix Table 2 – TC275-1 Individual Heat of Reaction Results 
Specimen 
Name 






TC275_P1-1 24.49 9.540 4.007 
TC275_P1-2 27.18 11.620 4.880 
TC275_P1-3 26.75 11.330 4.759 
TC275_P2-1 22.88 10.940 4.595 
TC275_P2-2 25.27 13.000 5.460 
TC275_P2-3 21.60 15.420 6.476 
TC275_P3-1 12.11 14.610 6.136 
TC275_P3-2 12.51 12.220 5.132 
TC275_P3-3 14.12 13.850 5.817 
TC275_P4-1 23.11 11.090 4.658 
TC275_P4-2 19.37 14.330 6.019 
TC275_P4-3 22.50 12.450 5.229 
TC275_P5-1 23.84 14.730 6.187 
TC275_P5-2 21.52 11.700 4.914 
TC275_P5-3 20.49 10.310 4.330 
TC275_P6-1 21.02 13.420 5.636 
TC275_P6-2 21.77 12.790 5.372 
TC275_P6-3 18.44 13.480 5.662 
TC275_P7-1 8.84 10.700 4.494 
TC275_P7-2 7.97 12.870 5.405 
TC275_P7-3 9.42 11.950 5.019 
TC275_P8-1 23.65 11.760 4.939 
TC275_P8-2 23.43 12.270 5.153 




Glass Transition Temperature Results 
 










5320-1_P2-1 204.84 191.84 213.65 
5320-1_P2-2 204.80 193.88 213.54 
5320-1_P2-3 205.29 196.06 212.65 
5320-1_P3-1 208.63 194.27 215.78 
5320-1_P3-2 205.17 190.81 214.64 
5320-1_P3-3 206.33 189.06 216.59 
5320-1_P4-1 191.73 190.44 193.36 
5320-1_P4-2 204.37 194.57 209.56 
5320-1_P4-3 201.64 190.29 211.55 
5320-1_P5-1 203.69 190.51 210.49 
5320-1_P5-2 207.25 189.18 212.49 
5320-1_P5-3 204.84 187.52 210.11 
5320-1_P6-1 202.53 188.52 206.88 
5320-1_P6-2 203.76 191.33 210.15 
5320-1_P6-3 204.49 194.19 210.92 
5320-1_P7-1 219.06 206.53 226.49 
5320-1_P7-2 218.11 207.03 224.25 
5320-1_P7-3 217.65 207.24 223.99 
5320-1_P8-1 216.59 204.13 224.34 
5320-1_P8-2 219.89 204.11 223.25 
5320-1_P8-3 214.38 204.75 223.34 
5320-1_P9-1 205.56 199.68 213.48 
5320-1_P9-2 207.47 197.51 212.42 















TC275_P1-1 193.16 190.55 195.16 
TC275_P1-2 193.60 189.87 195.82 
TC275_P1-3 192.65 189.26 194.75 
TC275_P2-1 193.34 190.45 196.14 
TC275_P2-2 193.97 190.96 195.47 
TC275_P2-3 194.32 190.38 196.09 
TC275_P3-1 200.98 196.96 202.75 
TC275_P3-2 199.18 195.93 201.75 
TC275_P3-3 199.58 196.6 202.05 
TC275_P4-1 195.50 192.29 196.91 
TC275_P4-2 195.62 192.81 197.25 
TC275_P4-3 194.49 192.33 196.19 
TC275_P5-1 194.05 192.44 196.15 
TC275_P5-2 193.29 190.63 195.07 
TC275_P5-3 193.62 191.57 196.99 
TC275_P6-1 194.09 191.43 196.76 
TC275_P6-2 194.82 193.25 196.87 
TC275_P6-3 189.20 187.65 190.33 
TC275_P7-1 201.74 198.53 204.57 
TC275_P7-2 202.10 199.67 203.93 
TC275_P7-3 201.58 198.84 204.59 
TC275_P8-1 193.06 190.8 196.13 
TC275_P8-2 194.22 191.44 196.98 

























5320-1_P2_1 0.203527 0.202615 0.000912 0.448 
0.451 0.010 5320-1_P2_2 0.209301 0.208376 0.000925 0.442 
5320-1_P2_3 0.189958 0.189081 0.000877 0.462 
5320-1_P3_1 0.195267 0.194390 0.000877 0.449 
0.468 0.019 5320-1_P3_2 0.213804 0.212761 0.001043 0.488 
5320-1_P3_3 0.187718 0.186842 0.000876 0.467 
5320-1_P4_1 0.202328 0.201564 0.000764 0.378 
0.399 0.032 5320-1_P4_2 0.192405 0.191567 0.000838 0.436 
5320-1_P4_3 0.190986 0.190254 0.000732 0.383 
5320-1_P5_1 0.193212 0.192241 0.000971 0.503 
0.523 0.019 5320-1_P5_2 0.196539 0.195501 0.001038 0.528 
5320-1_P5_3 0.193616 0.192573 0.001043 0.539 
5320-1_P6_1 0.188262 0.187223 0.001039 0.552 
0.568 0.022 5320-1_P6_2 0.183186 0.182163 0.001023 0.558 
5320-1_P6_3 0.185419 0.184319 0.001100 0.593 
5320-1_P7_1 0.185295 0.184163 0.001132 0.611 
0.563 0.045 5320-1_P7_2 0.184284 0.183321 0.000963 0.523 
5320-1_P7_3 0.202328 0.201206 0.001122 0.555 
5320-1_P8_1 0.185702 0.184604 0.001098 0.591 
0.607 0.024 5320-1_P8_2 0.186684 0.185571 0.001113 0.596 
5320-1_P8_3 0.184848 0.183675 0.001173 0.635 
5320-1_P9_1 0.189818 0.188875 0.000943 0.497 
0.505 0.023 5320-1_P9_2 0.187221 0.186226 0.000995 0.531 

























TC275_P1_1 0.171016 0.169942 0.001074 0.628 
0.620 0.012 TC275_P1_2 0.188431 0.187251 0.001180 0.626 
TC275_P1_3 0.189180 0.188033 0.001147 0.606 
TC275_P2_1 0.190411 0.189277 0.001134 0.596 
0.618 0.025 TC275_P2_2 0.178277 0.177128 0.001149 0.645 
TC275_P2_3 0.181685 0.180567 0.001118 0.615 
TC275_P3_1 0.211662 0.210278 0.001384 0.654 
0.639 0.013 TC275_P3_2 0.209166 0.207850 0.001316 0.629 
TC275_P3_3 0.192489 0.191269 0.001220 0.634 
TC275_P4_1 0.182882 0.181813 0.001069 0.585 
0.585 0.011 TC275_P4_2 0.188589 0.187464 0.001125 0.597 
TC275_P4_3 0.199596 0.198451 0.001145 0.574 
TC275_P5_1 0.199820 0.198739 0.001081 0.541 
0.552 0.010 TC275_P5_2 0.184600 0.183572 0.001028 0.557 
TC275_P5_3 0.185880 0.184840 0.001040 0.560 
TC275_P6_1 0.181856 0.180852 0.001004 0.552 
0.602 0.043 TC275_P6_2 0.181554 0.180417 0.001137 0.626 
TC275_P6_3 0.187801 0.186623 0.001178 0.627 
TC275_P7_1 0.178408 0.177176 0.001232 0.691 
0.667 0.021 TC275_P7_2 0.179485 0.178296 0.001189 0.662 
TC275_P7_3 0.171980 0.170865 0.001115 0.648 
TC275_P8_1 0.189636 0.188446 0.001190 0.628 
0.615 0.034 TC275_P8_2 0.194051 0.192934 0.001117 0.576 






























5320-1_P2_1 0.203527 5.086845 5.086868 0.000023 0.011 
0.009 0.002 5320-1_P2_2 0.209301 4.746259 4.746273 0.000014 0.007 
5320-1_P2_3 0.189958 4.992012 4.992029 0.000017 0.009 
5320-1_P3_1 0.195267 4.725313 4.725325 0.000012 0.006 
0.011 0.005 5320-1_P3_2 0.213804 5.147841 5.147860 0.000019 0.009 
5320-1_P3_3 0.187718 5.001454 5.001485 0.000031 0.017 
5320-1_P4_1 0.202328 5.009635 5.009662 0.000027 0.013 
0.009 0.004 5320-1_P4_2 0.192405 4.897268 4.897281 0.000013 0.007 
5320-1_P4_3 0.190986 4.614672 4.614684 0.000012 0.006 
5320-1_P5_1 0.193212 4.609757 4.609771 0.000014 0.007 
0.010 0.005 5320-1_P5_2 0.196539 4.792271 4.792287 0.000016 0.008 
5320-1_P5_3 0.193616 5.270252 5.270282 0.000030 0.015 
5320-1_P6_1 0.188262 5.844364 5.844387 0.000023 0.012 
0.004 0.009 5320-1_P6_2 0.183186 4.833071 4.833080 0.000009 0.005 
5320-1_P6_3 0.185419 5.001473 5.001464 -0.000009 -0.005 
5320-1_P7_1 0.185295 4.863084 4.863098 0.000014 0.008 
0.013 0.005 5320-1_P7_2 0.184284 5.256424 5.256455 0.000031 0.017 
5320-1_P7_3 0.202328 5.086840 5.086872 0.000032 0.016 
5320-1_P8_1 0.185702 4.836242 4.836266 0.000024 0.013 
0.014 0.003 5320-1_P8_2 0.186684 4.634026 4.634060 0.000034 0.018 
5320-1_P8_3 0.184848 4.806137 4.806159 0.000022 0.012 
5320-1_P9_1 0.189818 5.009642 5.009658 0.000016 0.008 
0.007 0.001 5320-1_P9_2 0.187221 4.966656 4.966667 0.000011 0.006 






























TC275_P1_1 0.171016 5.298692 5.298725 0.000033 0.019 
0.016 0.004 TC275_P1_2 0.188431 5.095751 5.095774 0.000023 0.012 
TC275_P1_3 0.189180 4.944704 4.944733 0.000029 0.015 
TC275_P2_1 0.190411 5.086841 5.086914 0.000073 0.038 
0.041 0.003 TC275_P2_2 0.178277 4.919164 4.919240 0.000076 0.043 
TC275_P2_3 0.181685 5.154440 5.154519 0.000079 0.043 
TC275_P3_1 0.211662 5.230443 5.230505 0.000062 0.029 
0.032 0.008 TC275_P3_2 0.209166 5.001486 5.001540 0.000054 0.026 
TC275_P3_3 0.192489 5.252410 5.252490 0.000080 0.042 
TC275_P4_1 0.182882 4.894455 4.894522 0.000067 0.037 
0.041 0.009 TC275_P4_2 0.188589 4.998544 4.998641 0.000097 0.051 
TC275_P4_3 0.199596 4.569219 4.569291 0.000072 0.036 
TC275_P5_1 0.199820 4.793350 4.793421 0.000071 0.036 
0.038 0.003 TC275_P5_2 0.184600 4.966678 4.966747 0.000069 0.037 
TC275_P5_3 0.185880 5.605625 5.605703 0.000078 0.042 
TC275_P6_1 0.181856 4.725750 4.725830 0.000080 0.044 
0.045 0.008 TC275_P6_2 0.181554 4.721030 4.721098 0.000068 0.037 
TC275_P6_3 0.187801 4.607375 4.607476 0.000101 0.054 
TC275_P7_1 0.178408 4.901659 4.901708 0.000049 0.027 
0.022 0.005 TC275_P7_2 0.179485 4.800960 4.800998 0.000038 0.021 
TC275_P7_3 0.171980 4.966660 4.966689 0.000029 0.017 
TC275_P8_1 0.189636 4.721008 4.721042 0.000034 0.018 
0.019 0.004 TC275_P8_2 0.194051 4.894438 4.894469 0.000031 0.016 











Mass SI (g) 
Final 
Specimen 
Mass SF (g) 
Reconditioned 











5320-1_P2_1 0.203527 0.202615 0.203574 0.000959 0.471 
0.476 0.006 5320-1_P2_2 0.209301 0.208376 0.209371 0.000995 0.475 
5320-1_P2_3 0.189958 0.189081 0.189997 0.000916 0.482 
5320-1_P3_1 0.195267 0.194390 0.195506 0.001116 0.572 
0.565 0.025 5320-1_P3_2 0.213804 0.212761 0.214012 0.001251 0.585 
5320-1_P3_3 0.187718 0.186842 0.187850 0.001008 0.537 
5320-1_P4_1 0.202328 0.201564 0.202688 0.001124 0.556 
0.545 0.019 5320-1_P4_2 0.192405 0.191567 0.192637 0.001070 0.556 
5320-1_P4_3 0.190986 0.190254 0.191253 0.000999 0.523 
5320-1_P5_1 0.193212 0.192241 0.192735 0.000494 0.256 
0.256 0.012 5320-1_P5_2 0.196539 0.195501 0.196027 0.000526 0.268 
5320-1_P5_3 0.193616 0.192573 0.193045 0.000472 0.244 
5320-1_P6_1 0.188262 0.187223 0.187751 0.000528 0.280 
0.287 0.008 5320-1_P6_2 0.183186 0.182163 0.182682 0.000519 0.283 
5320-1_P6_3 0.185419 0.184319 0.184868 0.000549 0.296 
5320-1_P7_1 0.185295 0.184163 0.184710 0.000547 0.295 
0.292 0.015 5320-1_P7_2 0.184284 0.183321 0.183883 0.000562 0.305 
5320-1_P7_3 0.202328 0.201206 0.201763 0.000557 0.275 
5320-1_P8_1 0.185702 0.184604 0.185133 0.000529 0.285 
0.307 0.026 5320-1_P8_2 0.186684 0.185571 0.186131 0.000560 0.300 
5320-1_P8_3 0.184848 0.183675 0.184296 0.000621 0.336 
5320-1_P9_1 0.189818 0.188875 0.189276 0.000401 0.211 
0.229 0.020 5320-1_P9_2 0.187221 0.186226 0.186695 0.000469 0.251 











Mass SI (g) 
Final 
Specimen 
Mass SF (g) 
Reconditioned 











TC275_P1_1 0.171016 0.169942 0.170582 0.000640 0.374 
0.371 0.007 TC275_P1_2 0.188431 0.187251 0.187934 0.000683 0.362 
TC275_P1_3 0.189180 0.188033 0.188745 0.000712 0.376 
TC275_P2_1 0.190411 0.189277 0.190173 0.000896 0.471 
0.483 0.023 TC275_P2_2 0.178277 0.177128 0.178036 0.000908 0.509 
TC275_P2_3 0.181685 0.180567 0.181418 0.000851 0.468 
TC275_P3_1 0.211662 0.210278 0.211390 0.001112 0.525 
0.511 0.018 TC275_P3_2 0.209166 0.207850 0.208928 0.001078 0.515 
TC275_P3_3 0.192489 0.191269 0.192214 0.000945 0.491 
TC275_P4_1 0.182882 0.181813 0.182705 0.000892 0.488 
0.494 0.014 TC275_P4_2 0.188589 0.187464 0.188427 0.000963 0.511 
TC275_P4_3 0.199596 0.198451 0.199419 0.000968 0.485 
TC275_P5_1 0.199820 0.198739 0.199622 0.000883 0.442 
0.420 0.020 TC275_P5_2 0.184600 0.183572 0.184316 0.000744 0.403 
TC275_P5_3 0.185880 0.184840 0.185609 0.000769 0.414 
TC275_P6_1 0.181856 0.180852 0.181649 0.000797 0.438 
0.461 0.020 TC275_P6_2 0.181554 0.180417 0.181270 0.000853 0.470 
TC275_P6_3 0.187801 0.186623 0.187514 0.000891 0.474 
TC275_P7_1 0.178408 0.177176 0.178428 0.001252 0.702 
0.709 0.016 TC275_P7_2 0.179485 0.178296 0.179601 0.001305 0.727 
TC275_P7_3 0.171980 0.170865 0.172064 0.001199 0.697 
TC275_P8_1 0.189636 0.188446 0.189780 0.001334 0.703 
0.690 0.012 TC275_P8_2 0.194051 0.192934 0.194251 0.001317 0.679 
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